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INTRODUCTION TO THE CONFERENCE AND 
SOME APPLICATIONS OF BOUNDARY-LAYER 
THEORY TO THE PHYSICAL GEOGRAPHY 
OF THE MIDDLE WEST 

By C.-G. Rossby 

Director i Inatiiuie of Meteorology ^ Umvereity of Chicago^ Ultnote 

It is with considerable hesitation that I have accepted the honor and 
responsibility of serving as chairman for this conference on Innindary- 
layer problems in the atmosphere and in the ocean. During the last 
few years my own activities in this field have l)een negligibh*, and it was 
not until this winter that circumstances l(»d me and my colleagues in the 
Institute of Meteorology at the University of Chicago to take an active 
interest in problems of the type that will be discussc'd in this conference. 

The boundary-layer problems of the atmosphere aie essentially iden- 
tical with those problems in which meteorology imping(\s on the other 
earth sciences. During the last 10 or 15 years meteorological resc‘arch 
in this country has been conducted mainly in engineering institutions 
and to a considerable extent as an aid to aeronautics. As a res;dt of this 
association, we have learned to make use of some of the methods of 
modem fluid mechanics, but our attention has been so din^ctly concerned 
with the aeronautical applications of meteorology that we may have lost 
sight of the importance of meteorology in the interpretation of the 
changes, movements and transfer processes that tak(‘ plac(‘ in the solid 
surface of the earth or in the surface layers of the ociuins. In that re- 
spect it is to be hop^^d that the present conference, which is attended by 
representatives from several of the earth sciences, may helii. to re-<»stal>- 
lish meteorology to its ’•eal place in geophysics. All I can hope* to do in 
this brief speech is to indicate through a few concrt*tc» examples how 
meteorology might be of some service to other branches of geophysics. 
This may be illustrated by a number of problems involving the appli- 
cation of atmospheric boundary-layer mechanics to thi* physical g€*og- 
raphy of the Middle West, which are being studied at ( 'hicago. 

AIRFLOW OVEiR A SAND DUNE 

In the autumn of 1941 we were asked to undertake a study of the air- 
flow over the sand dunes which characterize the eastern shore of I. 4 ike 
Michigan, and particularly to study the transport of sand by wind. 

(3) 
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These dunes are roughly parallel to the shoreline and in the main covered 
with vegetation, but with occasional saddle-shaped cuts in which the 
sand is exposed and subject to occasional strong drifts. 

A field party* began a detailed study of one of these cuts near Benton 
Harbor, Michigan, in September, 1941 (fiourx 1). On the meteorolo- 



I'lai 1 Virw from l^ke Michigan of blowout near Benton Harbor 


gical side the problems were to determine the general characteristics of 
the flow pattern over the dune ; the characteristic aerodynamic roughness 
of the surface of the dune, and in general to investigate the stress distri- 
bution for (liffertmt values of the wind at some prescribed reference point; 
to measure the gustmess of the wind, and the wind-borne transport of 
sand at different heights above the ground under different wind condi- 
tions (different stresses). ()n the geological side we were interested in 
the profile of the dune, in the profile, wave length, and speed of the ripple 
patterns in the surface of the dune, and the relation of these ripples to 
the wind stress; and in the composition, sise and shape of the sand. 

Techniques were developed for the measurement of several of these 
items, but it has been found that a large number of additional measure- 
* iWkwip*ftheUmT«wltyolMlcliig%«B®aFrof H Ludabwg of tk« Umvcmlg 
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ments will be needed before any satiafaetory analysis of the g;eolof[^cal 
aspects of this problem can be undertaken. A few results of a(*ro<ly- 
namic interest can be stated at the present time,* as follows: 

1. The fk)w pattern over the dune and the shape of the dune itself 
interact in an extremely interesting fashion. Thus, toward the l>each 
the main dune is preceded by a low foredune, behind which a well- 
developed eddy is observed, with wind motion next to the groun<i against 
the prevailing wind. It is not unreasonable to assume that while the 
foredune now aids in the establishment of this eddy, the foredune itself 
may be maintained as the result of deposition of suspended sand at the 
point of stagnation between the reverse eddy flow and the prevailing 
wind (figure 2). 

2. A number of anemometer readings indicate ilvit the small-scale 
characteristic roughness parameter, zo, of the sand-dune surface, 
namely about 0.13 cm., is even less than the roughness of a field of short- 
cut grass. 

3. Over the saddle point of the dune th(‘ logarithmic wind-profile do<‘H 
not apply, since the crowding of streamlines at this point produces a 
maximum wind speed already in a height of about 2 meU'rs al)ovc the 
sand. 

4. In other locations, where the logarithmic wind-layer is w(‘ll detvelofKMi, 
it has been possible to determine from large numliers of one-minut(* wind 
readings at different levels, and from .stress determinations, the correla- 
tion (r) between the vertical («;') and down-stream (a') turbulent wind 
components, i.e., the ratio 


u'lc' T 



In this expression, r represents stress per unit area and p the air density. 
Values were determined for 7 different heights between 0.5 and 7,7 
meters. From about 100 sets of values at each level this correlation was 
found to have the following reasonably constant values: 

Height (cm.) 770 000 500 400 200 100 50 

r 0.22 0.23 0.27 0.23 0.28 0.31 0.51 

For comparison it might be mentioned that Wattendorf,^ working with 
a rectangular channel, obtained a value of about 0.32 from alxiut 
of the distance from the channel center to the wall and up to the imme- 
diate vicinity oi the wall. Reichert* in Gottingen obtained alxmt 0^23. 
It is of considerable interest that such good agreement is obtain(*<] be- 

S. liMldllMIl. Tbc •triK^tur* of Um wind ovwr ft aand Suae Trao* Am («ropliy«, tin. It4i 
(t) iS7-m. 
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tween smallnscale laboratory experiments and full-scale atmospheric 
phenomena. 

5. The vertical distribution of sand during active drift was measured 
with the aid of microscope slides exposed at 10-cm. height intervals 
from 10 cm. up to about 60 cm. It was found that the distribution is 
in complete disagreement with the concept of turbulent suspension equi- 
librium. Thus the transport of sand appears to be the result of saltation, 
turbulent suspension apparently being of negligible consc^quence, in 
accord with the results obtained by Bagnold.' In one case of fairly 
strong wind (1415 feet per minute at 5 cm.), the percentage distribution 
of sand deposited per square cm. was as follows: 

Height (cm.) 3 10 20 35 48 

Deposit on slide as % of 

deposit at 10-cm. height 121 100 .85 53 22 

This shows a nearly linear distribution ivaching much greater heights 
than might l)e expected on the basis of susjKmsion equilibrium for the 
fairly coarse sand in the dune. 

6. It is our belief that the magnitude of the angle of reixise on the 
leeward of the dune should furnish some information concerning the min- 
imum stress required to set the dune sand in rnoti^m. 

7. It is of some interest to mention that the total amount of sand 
transported in a single storm from the lx*ach suh to the hIojh* of n»i:)o.se 
was estimated to be about 90 tons. This drift occurred over a cross- 
scction of 120 square feet and in an interval of about 10 hours, during 
which the wind remained alxwe the threshold valu(*. This latter quan- 
tity was dett‘rmined for the particular sand involved, which contained 
about 4 per cent of moisture by weight, to l)e alxiut 3 5 niebTs per second 
at a height of 5 cm. above the sand. 

STUDIES OP LAKE MICHIGAN 

The second boundary problem of a physical giMjgiaphical nature con- 
cerns the exchange of heat and momentum lx»twe<*n Lake Michigan and 
the overlying atmosphere. There are several masons why we should be 
interested in this problem. From a purely scientific standpoint, our 
interest was aroused by the fact that the Lake Michigan drainage area 
is small and unimportant and that the laW therefore ma> Is* considered 
as a model for a closed hydrodynamic-thermoiiynamic system. Practi- 
cally, the lake is an important factor in Chicago weather. Finally, th<' 
lake provides the city of Chicago with a large pari of its water supply. 
The industrial plants along the Indiana shore are now dumping large 
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amounts of wasto products in the lake^ resulting in a considerable amount 
of pollution. It would appear that knowledge of the physical-chemical 
chamctcristicff And of the circulation of the water masses in Lake Mich- 
igan should have considerable practical value. 

A systematic sunvy of Lake Michigan water masses is being con- 
ducted by Phil C'hurch.* Until recently no systematic temperature data 
from the interior of the lake have been available. With the aid of a 
recently developed instrument, the bathythermograph,®** which records 
temperature directly against pressure, it is now a relatively simple mat- 
ter to collect such data even from moving steamers. A great number of 
car ferries are operating on fairly regular schedules l)etween Milwaukee 
or other Wisconsin points on th<' west aide and various Michigan points 
on the (*ast side. We have been able to operate our bathyth(»rmograph 
(‘quipment from some of these ferries and have mad(‘ a aeries of weekly 
or twice-monthly vertical tern i;)erat are sections l)etween Milwaukee, 
Wisconsin and Muskegon, Michigan. The distance between these two 
IKirts is about 80 mih^s and the maximum depth al)out 60 fathoms. The 
maximum recorded depth in the lake is, 1 believe*, 154 fathoms, in the 
latitude of Oreen Bay but toward the Michigan side. The sections, of 
which we have alxmt 15 or 10 (two for each round trip, with 20 or 30 
soundings in each section), have already revealed some extn*mely in- 
teresting features. 

During November and early Deceml^er there was a marked thermo- 
cUne separating an upi>er homogeneous layer from the colder and deascr, 
and nearly homogeneous bottom water (figurl 3). In late Decemlier, 
as winter cooling progn*ssed, strong mixing 8i*t in, and the thermocline 
disap}H*ar(*d. Toward the end of the month the water columns were 
vertically homogeneous. This vertical mixing took place before the 
water had reached maximum density, suggesting that mechanical, wind- 
produced stirring played an important role in the cooling process. 
Warming-up occurn'd in the Ixittom layers during this period. Later, 
the rate of cooling U'came reasonably uniform throughout the entire 
depth of the water (‘ohmin. The importance of mechanical stirring is 
brouglit out by the fact that by the middle of Februarj’^ the bottom tem- 
pi*raturt* had drop]>f‘d below the temperature of maximum density. 
During the late autumn there is a typical horizontal ^temperature 
gradient in the section, with two bands of warm water on the eastern and 
WTstern slopes (the warmt*st water l)eing found off the Michigan shore) 
and with a core of distinctly colder water in the middle of the section. 
In th^ latter part of the winter, after the lake had cooled below the point 
of maximum density, the temperature distribution reversed itself, with 
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two colder ribbons along the slopes and, a warm central core. Thus, 
there is at all times a tendency toward a honzontal mass distribution 
with heavy wat<*r near the center and lighter wat<‘r toward the slopes. 
Assuming that the water masses near the Attorn are practically stagnant, 
this mass distribution suggests a slow cyclonic (counterclockwise) rota* 
tion of the upper layers. 
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About 1890, Harrington* organized a study of the surface circulation 
of TaItp Michigan with the aid of drifting bottles. The study was con- 
ducted during the summer, whereas our results apply to the cold season. 
It is nevertheless of interest to point out that Harrington*s observations 
indicate a two-cell type of cyclonic circulation, one occupying the 
northern and larger portion of the lake and the other the southern 
portion, with a boundary somewhere in the vicinity of the line between 
Milwaukee and Muskegon. 

It IS not easy to see how the prevailing southwest or west winds can 
set up a rotary, cyclonic current system in the lake. It has been sug- 
gested that the normally prevailing wind system over Lake Michigan 
might exert a slight cyclonic torque. During the summer, a quasi-sta- 
tionary front is likely to be found over the northern part of the lake and 
during the latter half of November and early December of 1941 we 
actually did observe a quasi-stationary front extending across the lake, 
north of Milwaukee, for a considerable part of the period. But the 
vectorial means of the winds observed at the Weather Bureau stations 
surrounding the lake do not furnish much support for the hypothesis of 
a cyclonic wind torque. 

In the light of the slow cyclonic circulation suggested by the tempera- 
ture data, it is difficult to see how the pollution products from the indus- 
trial plants are brought to ('hicago except through a considerable amount 
of eddying motion near the tip of the lake, and during the relatively 
infrequent periods of south or southeast winds. It would seem that a 
permanent solution to the pollution problem requires much more de- 
tailed data on the circulation in the southern part of the lake than are 
now available. 

In the near future we hope to be able to extend our measurements to 
other parts of the lake and to include also a wider range of physical and 
chemical data to permit a more accurate description of the lake circu- 
lation. 

OZONE STUDIES 

A third boundary-layer problem in which we are interested concerns 
the distribution of ozone near the ground. It has been suggested by 
Wulf** that during the wmter months stratospheric ozone may be 
brouf^t down into the troposphere in high latitudes and move southward 
in the continental polar air outbreaks characteristic of the Hudson Bay- 
Mississippi Valley region. Detection of ozone near the ground would 
thus furnish proof that Arctic air is formed not only by surface cooling 
but klso by cooling at very high levels. Since ozone is destroyed through 
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contact with organic material at the ground it therefore must l>e replen- 
ished by turbulent transfer downward. One should therefore expect 
to find, in Arctic air-masses, a logarithmic vertical distribution of ojsone 
similar to the distribution of wind with height. From the distribution 
curve it should be possible to determine the rate of diffusion downward 
and hence the rate of destruction of ozone at the ground. In this fashion 
one might also gain some information concerning the rate of formation 
of ozone in the stratosphere. So far we have not b<>('n able to overcome 
the many technical difficulties in the chemical method that has to be 
used in the ozone measurements needed for this particular problem; 
hence, it is not possibU* for me to do more than to |K)int to this problem 
as a potentially interesting application of l)oundary layer theory. 


SUMMARY 

In spite of the very pn^liminary nature of the comments made alH)ve 
it is my hope that th(* three problems touched upon might bring out the 
fact that the laws of fluid mechanics and their application to the struc- 
ture of the lowest strata of the a1mosphc‘re ar(‘ gradually becoming 
essential tools not only in the study of the atmosphere its(»lf but also in 
the study of the impact of the atmosphere on the solid Hurftvf'<‘ of the 
earth, its vegetative cover and its water masses. 


DISCUSSION OF THE PAPER 

Dr. 0 . L. Pekeriz (Columbia University, New York) 

Has any attempt been madt* to determine the horizontal size of the eddie'S from 
the auto-correiation coefficient of the turbulent velocit ich at a given Htation? Another 
I> 08 sibility of determining the size of the c*ddieh is by measuimg «'■ as a function of the 
time interval over which the averaging is done. 

Dr. H. Waxier (U. S. Weather Bureau, Washington, I). C): 

(1) If mechanical mixing changes the stratifietl i^ater into homogemeouH water, 
the mean temperature of the water should in either cast* be very nearly coustant. 

(2) If ozone sinks to the ground in nolar regitms lx*cauHe of the great stability 
of Arctic air, this sinking will occur immediately behind the moving colti front »ti that 
one might expect a maximum in surface-ozone content in a comparatively narrow 
belt (a few hundred kilometers wide) behind the c<»lfl front. 

Dr. B. B. Montgomery (New York University, Uew York, N Y.): 

In regard to the autumnal temperature rise in the lowest levels of Lake Michigan 
at the time when tne temperature becomes neariy constant from top to b^tiMii, it 
does not seem to be due necessarily to mechanical stirring yiroiluced by the wind. 
The depth involved, some 76 meters, is greater than expenence indicates Uiat wind 
stirring may commonly penetrate. An ^temate possibility is to ascnlie the mixing 
in the deep layers to the convection due to surface cooling. This interesting problem 
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fUiiiiirTmi further etudy not only for its sknificanoe in fresh water, but also because a 
autumnal warming at some depth below the surface is observed to occur in 
the ocean. 

Mr. fhiiup Light {l\ 8, Weaiker Bureau, Washing, D. C.); 

Is there a point of demarkation between logarithmic distribution of wind 
velocity at the foot of a slope and the type of distribution at a hill top? 
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THE INFLUENCE OF STABILITY ON 
EVAPORATION 


By Benjamin Holzman 
U. S. Weather Bureau^ Waehtngion, I>. C. 

PART I 

Richardson‘S ® and Prandtl® * have shown that the production and 
dissipation of turbulent energy in a given air layer depends upon a critical 
value of a relationship between the lapse rate and the vertical wind- 
velocity distribution. The influence of stability was demonstrated to 
depend on the dimensionless number, 




where g is the gravity term, p the density of the air, u the velocity and z 
the height. For the atmosphere this expression may be replaced by 


O/te)’ 


where T is the temperature and F is the adiabatic lapse rate equal to 1® C. 


The quantity, - - , where B is the potential tempera- 
u dz 


per 100 meters. The quantity, - - , wher 

u oz 

ture, may be substituted for the quantity 

T\dz ^ } 


and expression (2) becomes 


'M 


Thus, for adiabatic conditions, the stability equation becomes zero. 
When the atmosphere is thermally stratified, the expression is positive; 
when unstable, the equation becomes negative. When the expression 
reaches a certain positive value, turbulence tends to die out ; when below 
this critical value, eddy energy is produced. There has beep no agree- 
ment regarding the magnitude of this critical numlx»r. Richardson® 
estimated its value to be at 1, Prandtl® at H Taylor** and Goldstein’ 
at }4. More recently, Schlichting® detcrminiHl the critical number to 
be 1/24. Von Kdrm&n* has suggested that the earlier determinations 
of the turbulence limit number are not strictly valid. 

( 18 ) 
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Stable stratification tends to damp out turbulent motion because part 
of the turbulent energy is used in performing the work of bringing poten- 
tially colder eddies upward or potentially warmer eddies downward. 
Using this principle Rossby and Montgomery^ have extended the theory 
for turbulent transport in an adiabatic atmosphere to one of stable 
stratification. 

Rossby points out that under conditions of stable stratification the 
mixing length is reduced. In addition, part of the turbulent kinetic 
energy is used up, due to the work that is done when the eddies are 
vertically displaced. Thus, if a vertical wind shear, dujdz or (\, is 
assumed, in an adiabatic medium the turbulent kinetic energy would be 
proportional to In a stable medium the mixing length would be 

reduced to L and the corresponding turbulent kinetic energy would be 
pmportional to The difference in the kinetic energies between the 

adiabatic and stable atmospheres must l)e essentially equal to the work 
that is done in the vertical displacement of eddies under stable conditions 
which can l)e shown to b<* equal to 



or in oth<'r words, 

AP (V = Ai.^ r.» + 5 , /.* + r) (4). 

FacUir ^ ih 8 proportionality constant. It is not clear why the two A^s 
should nc^cessarily have the same value, but Rossby (1935 42) assumes 
they do and wntes iHiuation (4) as, 

p (V = /.* (V + r (dl *’) 

when' fi is the proportionality factor. From the alx>ve equation it is 
evident that 

•n/' + OtCJ +'■)/(£)’ 

In transfer problems wbere stability must lx» considered, this expres- 
sion (0) for the mixing length leads to a numl>er of disagreeable integrals, 
depending on what assumptions are made regarding the lapse rate and 
wind shear. If, however, the expn»saion for the mixing length under 
stable conditions were of the form, 


'.-'V-'fG-Ve,:)’ 
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a very convenient, integrable expression results for the vertical transport 
of meteorological properties under turbulent and stable conditions. 

Rossby’s stability correction for the mixing length requires that the 
stability number, 

be equal to infinity l)efore l)ecome8 zero. As indieated pn^viously it 
has been shown that when the stability number attains a certain eritical 
value, turbulence is suppressed. This means that L must have a limiting 
value for the eritical stability number and must rapidly approach zero 
when the critical stability number is exceeded. 

Equation (7) rapidly approaches zero for U with increasing stability. 
Rossby’s equation departs considerably from this curve with increasing 
stability and approaches the zero axis asymptotically. It should lx? 
pointed out, however, that Rossby’s stability equation for the mixing 
length has a theoretical basis to recommend it. In any event l>oth equa- 
tions give approximately the same results for those* stability numbers 
that are not too close to the critical stability numlwr. 


PART II 

The derivation of a formula for evaporation when conditions of stabil- 
ity prevail can be develofM*d in a manner similar to that under adiabatic 
conditions such as suggested by Rossby, Sverdrup, Montgomery and 
others.^ " Remembenng that the mixing length^ can lx* written as 

/. = Atoz, 


equation (7) can be written as 



where 


(«), 



The so-called roughness parameter, Zo, has been purposely avoided 
because of its loose and inadequate definition. 
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Under thermal etratifioation, then, 

?2 ?— 


*? = - A.. 

dz pkoz 




where g U the specific humidity, r is the shear stress, and E is the evaporation . 
Since 


-u 


we can write 


du ^ I 
dz k(jZ 


. V; 




Combining equations (10) and (12) and eliminating 


Vp’ 


J 1 

1 * du 


dq E 
dz ** pko'z^ 


In the immediate vicinity of the ground a logarithmic distribution of 
properties may lie assumed.* Then if 

BT ^ ^ 6 

dz z dz z 

Substituting these relations in equation (13), 

-A, 

The value of the adiabatic lapse rate^ F, in the stability term is quite 
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small in comparison with the other terms in the numerator and can be 
neglected without any significant error. Simplify in g equation ( 14 ), 

^ ^ 1 f.,K 

dz pJk«<6'r(l - «r) 

where 

. ^ P(Q/T)a 

* fti— • 


Equation (16) conveniently integrates into 


But 






(16). 


I = “a ~ “ i. 

In?? 

*1 


Then substituting for b and solving for E, 
E = ~ ~ 


In?* 


In 


( . Lz 

\zi l- 8zJ , 


(17). 


When adiabatic or near adiabatic conditions prevail in the atmosphere, 
the factor « is equal or nearly equal to zero and equation (17) becomes 
identical to the expression for evaporation under adiabatic copditions.** 
The parameter « contains a square of the wind shear in the denominator. 
This means that with any appreciable wind difference the numerical 
value of 8 is quite small and the corresponding influence of stability on 
evaporation will also be small. 

Hie flow of stable air over rough surfaces, such as a vegetated or 
natural ground surface, is necessarily characterized by a rather st<«p 
vertical wind-velocity gradient which in turn would indicate that the 
influence of stability in suppressing evaporation can not Iaj of great im- 
portance. It would appear that the only natural areas where the in- 
fluence of stability might affect evaporation sufficiently to Ix) of hydro- 
logic significance would be fairly smooth-covered snow surfaces, under 
conditions of fairly quiescent air. 


DISCUSSION OF THE PAPER 

Frof. B. Haurwiti {Miu§achu 9 €tU InttUtde of Ted^nciagy, Cambridge, Mae§.); 

It it pottible to apply the last formulas to mean values even though they have 
been derived for mstantai^us data? It appears that it should be feasible to show 
that the evaporation equation hc4ds also in the ease of penodic chan^ auoh at the 
daily or yeany period, taking averages for the whole period and obtaining the average 
evaporauon for the period. 
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B«p]r bf Mr. Holsmaa: 

The formula works ver]r well for mean values, espeoially if the demand for accu- 
racy is only of hydrologic simficance. For example, houny values of eva^ration 
were computed from hourly ooservatioDs of the moisture gradient and wind shear and 
these values were summed up over a 24-hour period and compared with a single daily 
(24-hour) computed evaporation from an average 24-hour moisture gradient and 
average 24-hour wind-snear observation. The ureement was quite good and 
certainly adequate for hydrologic purposes. But, for precision measurements, it is 
recognised that the use of mean values may not be suitable. This is true because a 
maximum moisture gradient may be associated with a minimum wind shear, or 
other combinations may occur so that an average value is not representative for the 
period. 
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SOURCES OF ATMOSPHERIC HEAT AND 
MOISTURE OVER THE NORTH PACIFIC 
AND NORTH ATLANTIC OCEANS* 

By Woodrow C. jAcousf 

ScnppB Inatitutum of Oceanography, VntversUy of Califomta, Im Jolla, Caltfomta 

INTRODUCTION 

The present paper is a summary of results of an investigation concerning 
the exchange of heat and water vapor Ix^tween the sea surface and atmo- 
sphere over the North Pacific and North Atlantic; oceans. The theo- 
retical aspects of the investigation, together with the derivations of equa- 
tions, have already been presented in a previous paper* and will not l)e 
elaborated here. 

Briefly, the method consisted of developing an equation which would 
express the rate of evaporation as a function of the difference in vapor 
pressure between sea surface and atmosphere, and of the wind movement 
within the turbulent layer, using available climatic data over the oceans. 
The original Sverdrup equation*® was used, assuming an atmosphere in 
unstable or neutral equilibrium, the constants ot which were derived 
empirically by comparing the mean annual evaporation over the oceans 
as computed by such a formula with similar values obtained through the 
use of the energy equations. When using mean climatic data over the* 
oceans, it was found that the evaporation could be detcrnun(‘d by means 
of the following equation, 

E = 0.143 (cw — «•) mm/24-hours (1), 

where 6w is the vapor pressure at the sea surface (millibars), €„ the vajKir 
pressure at 6 meters height and the wind speed (meters per second) 
at 6 meters. 

It was shown further that the amount of sensible heat exchanged bc*- 
tween sea and atmosphere could be computed by means of the Bowen 
formula* in the form: 

0, » 0.65 (— — ) L, E, (p » const. = 1000 mb) (2), 

\ew “ 6tt/ 

and in which 4 and U are sea surface and air temf^cratures, respectively, 

*€:oatribtttiOB« froa the Scrippt New Serie*. No HOI 
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Li is the latent heat of vaponzaUon of water at temperature f, and E is 
expreaned in grams or centimeters. 

Through the use of equations (1) and (2), computations of the mean 
seasonal values for evaporation, heat exchange imd total energy exchange 
were made for each five-degree square in the North Pacific and North 
Atlantic. The charts constructed from the data showing the total energy 
exchange between sea and atmosphere are of particular interest to the 
field of oceanography since the loss or gain of energy from the sea surface 
through either conduction or evaporation is entirely in the form of heat. 
On the other hand, the charts showing the mean seasonal and annual 
values for E and Qc are of interest to the meteorolog^t, who is concerned 
not only with the amount of heat added to or subtracted from the lower 
layers of the atmosphere, but also with the amount of latent energy in 
the form of water vapor which is rendered available for the various 
meteorological processes. The previously mentioned paper^ emphasized 
the oceanographic aspects of the investigation; the present paper is more 
concerned with the meteorological significance of the results. 


SEASONAL AND REGIONAL VARIATIONS IN THE RATE OF 
EVAPORATION OVER THE NORTH PACIFIC AND 
NORTH ATLANTIC 

Tlie distribution of values for the mean daily evaporation within each 
6-degree square over the North Pacific and North Atlantic oceans, as 
computed by means of equation (1), during winter (December, January, 
February) and during sununer (June, July, August) is illustrated in 
FIGURES 1 and 2. These charts show that evaporation over the oceans 
is considerably greater during winter than during the summer months, 
particularly at higher latitudes and over the western portions. They 
also show that, in general, the regions of greatest evaporation are located 
along the eastern coasts of Asia and North America over the Kuroshio 
and Gulf Stream, Secondary areas of high evaporation appear about 
the southern margins of the North Atlantic and North Pacific semi- 
permanent hii^-pressure cells, i.e., in the northern part of the trade-wind 
region. Thus, in general, it is shown that the regions of greatest evapora- 
tion are those within which the northerly transport of surface waters is 
greatest, and over areas that are subjected during winter to frequent in- 
vasions by cold, dry contin^tal air masses from the interiors of Asia or 
North Aiperica. An examination of the mean fidds of motion over the 
Far Baiit and the eastern coasts oi North America shows that the pre- 
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vailing air-maas types over the western sides of the oceans during winter 
are of continental origin, i.e., cPk or cAk air masses.* 

The regions of least evaporation are those of southerly-flowing ocean 
currents along the extreme northwest coasts and along the eastern sides 
of the oceans. These are regions which, except in the northwest portions, 
are most frequently under the influence of air masses with, a relatively 
long maritime history. 

The great amount of evaporation within the trade-wind belts appe^ars 
to be associated with the dry, descending air currents accompanying the 
semi-permanent fields of high pressure. A relatively low evajioration 
over the equator in the eastern North Pacific during spring appears to 
be associated with the northward-flowing ocean currents which in this 
region cross the equator resulting in an influx of cold water from higher 
latitudes in the Southern Hemisphere. 

In summer the evaporation reaches its lowest value over most of the 
North Pacific and North Atlantic except within the eastern equatorial 
regions of both oceans, where the maximum values are readied during 
this season. A slight net condensation is computed for this semson within 
the North Pacific north of latitude 56® and west of 160® W, and in the 
North Atlantic waters immediately surrounding Labrador. 

In the North Atlantic Ocean, the center of the tropical or trade-wind 
area of maximum evaporation remains nearly stationary ^during all 
seasons except autumn, when it quite largely disappears, with its mean 
position located between latitudes 10® and 20® N, and approximately 
one-third the distance from the coast of South America to West Africa.' 
In the North Pacific Ocean, on the other hand, this tropical area of high 
evaporation is considerably better developed and the position of its 
center varies with the seasons. In winter the maximum evaporation 
within this area is 0.70 cm/day and the center is locat/ed In^ween 
6® and 10® N latitude and 170® and 175® W longitude, in spring the 
maximum increases slightly to 0.72 cm/ day and the center is displaced 
northeastward to the area between 10® and 15® N latitude and 150® and 
155® W longitude. In summer the maximum evaporation in this region 
decreases to 0.62 cm^^day and the center is displaced farther northtiast- 
ward to the area between 15® and 20® N latitude and 145® and 160® W 
longitude. In the autumn, however, the maxinium evaporation within 
this area falls to its lowest value, 0.56 cm'/ day, and the now less well- 
defined center is displaced southward to the general region on the 
equator between 0® and 5® N latitude, and 135® and 160® W longitude. 

•Sat*: oPk - PoUr coatiMnUl fcif eoldar tk»« ihm •vrfaoa ovar wWeb it » PAmIm. oM - 
•ir eoldar Uiaa tba aurfaca. For daaeriptioB a(f tiM ai^auaa tjrpaa aaa FattarMaa, Waathar AaalyaM 

aad Foraeastiaf* PP* 1MHW4 (tMl). 
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This clockwise migration of the tropical center of high evaporation in the 
North Pacific appears to correspond to the similar movement of the 
center of the North Pacific high-pressure field. 

The average seasonal values of evaporation for the various latitude 
ranges are given in fioube 3. These curves illustrate very clearly the 



winter maximum of evaporation in nearly all latitudes and the much 
lower summer evaporation within the higher latitudes. They also show 
that the seasonal variation in evaporation at low latitudes is much 
smaller than in the higher latitudes; that evaporation is higher during 
autumn than during spring in the middle and high latitudes but that, 
except at the equator, the reverse is true at the lower latitudes. Within 
the latitude range 0® to 6® N in the North Atlantic, the evaporation 
values are lowest during winter but in the North Pacific they are lowest 
during spring. 

THE TOTAL EVAPORATION OVER THE NORTH PACIFIC 
AND NORTH ATLANTIC 

. As shown in figure 4, the latitudinal distribution of values represent- 
ing the total volume of water evaporated from the oceans (XE) is quite 
different from the distribution of values representing the evaporation 
per unit area of sea surface (E). This is due to the unequal distribution 
of areafi of sea surface over the Northern Hemisphere (see tabub 1). 
These* curves show that the greatest quantity of water is evaporated in 
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the lower latitudes during all seasons and that the quantity is greatest 
in winter, least in summer and somewhat greater during autumn 
during spring. 

As shown by the data in table 2, the seasonal variations in EE are 
greater in the North Atlantic than in the North Pacific, the percentage 
difference between the winter and summer evaporation being 13.8 per 
cent of the total annual evaporation in the North Atlantic and only 9.6 
per cent of the total annual evaporation in the North Pacific. Although 



Fraoiui 4. 
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the area of the North Pacific between the equator and latitude 60^ N 
(80,989 X 10* km*) is 67.1 per cent of the total area (120,621 X 10» km*) 
of both oceans between the same parallels, it accounts for only 66.5 per 
cent of the total volume of water evaporated from both areas, due to the 
slightly greater rate of evaporation in the North Atlantic. The total 
volume of water evaporated from the North Pacific during the course of 
the year averages 90,232.4 X 10* m*, which is equivalent to an evapora- 
tion rate of 1 1 1.4 cm/year. The total volume of water evaporatiMj from 
the North Atlantic during the year amounts to 45,490.0 X 10* m*, which 
is equivalent to a rate of 1 14.8 cm/year. The quantity for l)oth oceans 
is 135,722.4 X 10® mVy^ar, equivalent to a mean depth of 112.5 cm/ 
year. The higher rate of evaporation in the North Atlantic appears to 
be due largely to th(^ smaller amount of sensible heat given off to the 
atmosphere rather than to any significant excess of energj*^ available at 
the surface. But an analysis of cloud charts for the‘ Northern Hemis- 
phere® indicates that the mean annual cloudiness between the equator 

Tablis 2 

Means of the Total Daily Evaporation ( HE ) over the North Pacific 
AND North Atlantic 





HE for 

Mean 




iHith 

annual 

Area 

Season 

MeanS:^ 

oceans 

IE 



10* m®/day 

Per Cent 

Per cent 

North 

Winter 

297,019 

64.8 

30.0 

Pacific 

Spring 

231,834 

67.3 

23.5 


Summer 

202,054 

68.5 

20.4 


Autumn 

257,942 

66.2 

26.1 


Year 

247,212 

66.5 

100.0 

North 

Winter 

161,314 

35.2 

32.4 

Atlantic 

Spring 

112,637 

32.7 

226 


Summer 

92,940 

31.5 

18.6 


Autumn 

131,627 

33.8 

26 4 


Year 

124,630 

33.5 

100.0 

Both 

Winter 

458,333 

100.0 

30.8 

Oceans 

Spring 

344,471 

100 0 

23.2 


Summer 

294,994 

100.0 

19.8 


iiutumn 

389,569 

100.0 

26.2 


Year 

371,842 

100.0 

100.0 


Total Annual Evaporation: — 

North Pacific j ^ / 

• 90,232.4 X 10® m®/year: equivalent to mean depth of 111.4 cm/year. 

North Atlantic 

- 45,490.0 X 10® m*/year: equivalent to mean depth of 114.8 cm/vear. 

Both oceans , . / 

"• 185,722.4 X 10® m®/year; equivalent to mean depth of 112.5 cm/year. 
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and latitude 60^ N may be somewhat greater in the North Pacific than 
in the North Atlantic. Hough estimates by scalage indicate the average 
iiiwuAl cloudiness over the North Pacific is about 60 per cent; over the 
North Atlantic about 55 per cent. If these latter figures are valid, they 
may partly account for the greater evaporation rate in the North Atlantic. 

By means of reductions from pan observations at sea, Wtlst (1920; 
1936) has derived values for the mean annual evaporation at various 
latitudes in the several oceans. His figures for the North Pacific and 
North Atlantic, however, extend only from the equator to latitude 40® N. 
By taking the mean of Wiist’s values for three adjacent 5-degree parallels 
as being representative of the mean evaporation within each 10-degree 
latitude tone, his figures show an evaporation of 127.5 cm/year in the 
North Atlantic and 118.3 om/year in the North Pacific. The present 
calculations for the same latitude range (0® to 40® N) give 123.0 cm/year 
for the North Atlantic and 124.5 cm/year for the North Pacific. The 
mean value for this same area in both oceans is 124.0 cm/year, thus about 
2 per rent greater than WUst's average (121.2 cm/year) for the two 
oceans. 

Wust gives 93 cm/year as the average evaporation for all oceans 
This low value is due to including evaporation in the Southern Hemis- 
phere where the values appear to be lower at most latitudes than in the 
Northern Hemisphere. This latter condition is particularly true over 
the extensive areas of sea surface at high latitudes in the Southern 
Hemisphere. P or example, his value for the latitude range (45® to 50® S) 
within the Atlantic, Pacific and Indian Oceans is only 43 cm/year. 

ITie seasonal ratios between the total daily evaporation in the North 
Pacific and North Atlantic are given in table 3. These data show the 
ratio 1^ greatest during summer, least during 

winter and greater dunng spring than autumn. The reasons for these 
variations appear to he greater contrasts between the winter and summer 
air-mass types over the North Atlantic than is the case in the North 
Pacific. More explicitly, the winter air masses over the North Atlantic 
are drier and colder relative to the summer air masses than are those of 
the North Pacific, which is not surprising when one considers the smaller 
area of the North Atlantic and the corresponding closer proximity of the 
continental land masses with their wide seasonal variations in tempera- 
ture and humidity. 

It was brought out in the previous paper that the locations of the 
principal frontal lones over the oceans as given by Petterssen* corre- 
spond quitq closely with the tones of maximum energy exchange. The 
trade-wiiid area ol maximum eviqx>ration in the North Pacific lice im- 
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Tabus 3 

Sbasonal Raticw between Total Dailt*^ Evaporation in the North Pactpic 
AND Atlantic Oceans 


Season 


Ratio 

XE (N. Pa ci6c) 
(N. Atlantio) 


Winter 1.84 

Spring 2,06 

Summer 2.17 

Autumn 1.06 

Year 1.08 


mediately east and south of liis mean winter position for the mid-Pacific 
Polar Front in the Northern Hemisphere, with the pi^ncipal axis of the 
frontal zone parallel to the major axis of the zone of maximum evapora* 
tion. On the other hand, the maximum zones of winter evaporation in 
the western parts of the two oceans lie largely to the west and north of 
Petterssen’s positions for the polar fronts in winter over thcjse areas. 
The lines or zones of frontogenesis (cyclogenesis), however, will coincide 
more nearly with the zones of maximum temperature gradient immedi- 
ately off the coasts of East Asia and eastern North America. Thus, in 
the western portions of the oceans, the principal frontogenetic ^reas will 
be located along the eastern coasts of the two continiTits northwestward 
from the mean positions of the polar fronts themselves. This is due to 
the fact that the zones of frontogenesis will tend to move with the air 
currents toward the axis of outflow and will assume a mean position near 
this axis or trough line in th(* mean flow. It is found that in both oceans 
the zones of frontogenesis (cyclogenesis) will lie in every case to the 
northwestward of a zone of maximum eyaixiration and that the major 
axes of the zones of maximum evaporation will parallel the principal 
axes of the frontal zones. 

It is to be remarked that the mean seasonal data shown in fiqurish 1 
and 2 are by no means representative of instantaneous conditions over 
the oceans. It is exjiected that non-periodic variations in the rates of 
evaporation over the oceans will occur and that the areas of maximum 
and minimum evaporation will also vary in both intensity aiid position. 
Thus over the Kuroshio and Gulf Stream, at the times of outbreaks of 
cold cAk and cPk air from the continents in winter, the evaporation 
values naay occasionally be extremely high. Conversely, during periodj 
in winter when the polar fronts are located near the coasts and the air 
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masses over the neighboring ocean areas are of southerly origin (mE or 
kT masses),* the evaporation in these areas must reach low values. Also, 
along the west coasts of the continents, the evaporation in winter may 
reach high values at the times of outbreak of dry air from the interior, 
as during the periods when the so-called ‘‘Santa Ana'' winds blow from 
the east or northeast along the coasts of Southern California. Just as 
there are important non-periodic variations in the positions of the 
principal centers of action in the atmosphere, the polar fronts, etc., with 
the resulting time or regional variations in humidity, wind, temperature, 
cloudiness, etc., so must there be corresponding changes in the evapora- 
tion over the oceans. It is expected that the regional variations in 
evaporation (or heat exchange) will be most pronounced during periods 
with a low zonal index and that the evaporation over the oceans will 
be most uniform during periods with a high zonal index. ‘ 

If secular variations in the amount of solar energy received at the 
surface of the earth occur, it is to be expected that similar secular varia- 
tions in evaporation and heat exchange will also take place. But it is 
not suggested that such variations must be proportional, since the effects 
of increased humidity, extent of cloudiness, etc., may be important. 

VARIATIONS IN THE AMOUNT OF SENSIBLE HEAT 
EXCHANGED BETWEEN SEA AND ATMOSPHERE 

The distribution of values representing the amount of sensible heat 
exchanged between sea and atmosphere over the North Pacific and North 
Atlantic during winter and summer are shown in figures 5 and 6. The 
isolines for Q, show, roughly, the same configuration as shown for E, 
these values being at their maximum in winter and along the western 
sides of the oceans. One very important difference is shown. No 
tropical areas of maximum heat exchange exist within the trade-wind 
region to correspond to the areas of maximum evaporation that appear 
to be associated with the North Pacific and Azores high-pressure fields. 

During winter there are three areas of maximum heat exchange in the 
North Pacific, the principal area occurring within the Kuroshio between 
35* and 40* N, and 150* and 155* E where averages 246 g.calxmVday, 
with secondary areas northeast of Formosa (Taiwan) and in the northern 
portion of the Sea of Japan. The area northeast of Formosa coincides 
with the area of maximum winter evaporation in the North Pacific 
(see fiGUius 1). The maximum value for Qe in the North Atlantic (274 
g.cal.croV<|ay) occurs within the Gulf Stream between latitudes 35* and 

•ns « aMrtltMt air; mT • Mriliat tropical air. 
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40® N, about 700 miles east of the Virginia capes, with a secondary belt 
of high values for Qc extending north and south along the 40® W meridian 
between latitudes 40® and 55® N. The North Pacific values for Q„ dur- 
ing winter are positive for all regions except for several small areas near 
the equator. In the North Atlantic, however, the charts show that Qo 
is negative during winter for approximately one-third the area of that 
ocean. 

In summer the values for Qc become insignificant nearly exerywhere 
in the North Pacific except in the southeastern equatorial regions where 
values as high as 40 g.cal.cm*/day are determined, and are negative 
everywhere north of latitude 40®, off the California coast and, surpris- 
mgly, also off the Asiatic coasts south to the Philippine Islands. In the 
North Atlantic during summer, Qc is negative ever 3 rwhere except within 
a narrow zone along the eastern coasts of North America extending 
northeastward from Florida to latitude 40® N, and within the Gulf of 
Mexico and Caribbean Sea. The average seasonal values of Qc for the 
different latitude ranges are given in figure 7. These curves illustrate 
very clearly the winter maximum in the heat exchange at nearly all 
latitudes and the pronounced maxima for Qo above latitude 35® N in 
both oceans. During autumn, winter and spring, the values for Qe 
increase generally from the equator to maxima in both oceans between 
35® and 40® N, decrease to minima between latitudes 45® and W® N, and 
then increase again poleward. During summer, however, the values for 
Qc in both oceans generally decrease from the equator toward higher 
latitudes. One interesting point to note in these curves is the fact that 
the values for Qc are higher in the North Pacific than in the North At- 
lantic at all latitudes and during all seasons except during winter for 
the areas north of latitude 35® N. This question will be discussed in 
greater detail under the section on the regional and seasonal variations in 
the values for the ratio between evaporation and heat ex''hang<\ 

From the data so far presented it thus appears that the sea is heating 
the atmosphere by significant amounts only in the middle and high 
latitudes, along the eastern sides of the continents and principally during 
the winter season. In other portions of the oceans and almost every- 
where during summer, the sea is actually receiving some energy from 
the atmosphere. 

Data showing the latitudinal distribution of the mean annual values 
for Qc indicate that in both oceans the maxima occur between latitudes 
35® and 40® N, with low values at the equator and a secondary minimum 
in each ocean between latitudes 45® and 50® N. It has previously bei^n 
pointed out that the mean annual rate of evaporation in the North 
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Pacific in hij^iest between latitudes 20* and 26® N and in the North 
Atlantic between latitudes 36® and 40® N, with a secondary maximum 




Fiocas 7. 
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between latitudes 15® and 20® N. Comparing the two sets of data, it is 
found that the zone of maximum evaporation in the North Pacific occurs 
farther south than the zone of maximum heat exchange, the displace* 
ment being 15 degrees of latitude. In the North Atlantic, however, the 
zones of maximum evaporation and maximum heat exchange coincide 
except that there is no secondarj' zone of maximum heat exchange within 
the latitude range 15® and 20® N to correspond to the secondary zone of 
maximum evaporation in this area. These conditions indicate that over 
the oceans as a whole the atmosphere is being heated most rapidly in the 
higher latitudes hut that it is receiving moisture principally in the middle 
and lower latitudes. 

VARIATIONS IN THE RATIO (R) BETWEEN THE AMOUNT 
OF HEAT GIVEN OFF TO THE ATMOSPHERE AS 
SENSIBLE HEAT (Qo) AND THE AMOUNT OF 
HEAT USED FOR EVAPORATidN (0,) 

In previous investigations of eva|)oration from the oceans, the ratio 
Ix'tween the amount of heat given off to the atmosphere by con- 
vection and the amount of heat useil for evaporation was assumed a 
constant for lack of better information. For example, in their computa- 
tions of the mean annual evaporation at various latitudes over the oceans, 
Mosby* has assumed R constant at O.iO, McEwen* at 0.20. However, 
the presemt computations show that this ratio is a highly variable quan- 
tity, both seasonally and with respect to the rc^gioiiul distribution. The 
mean seasonal values for R arranged by latitudes are shown in figure 8. 
These curves illustrate that at all latitudes, the values for H are higher in 
the North Pacific than in the North Atlantic; that they are highest at all 
latitudes in both oceans during winter, lowest during summiT, and about 
the same in spring as in autumn. During all seasons except summer, 
the values for R in lx)th oceans increase from low values at the <*(piator 
to maxima at high latitudes. During summer, the values are highest 
near the equator and decrease to minima in l)oth oceans between lati- 
tudes 45® and 50® N, and then increase* toward the poles. Thus (except 
during summer), while e^’^aporation within the equatorial and tropical 
regions is high, the exchange of heat lietween sea and atmosphere is rela- 
tively small and, conversely, although evaporation at high latitudes is 
small, the exchange of heat lietween seg and atmosphere is relatively 
great. Similarly, it must lie concluded that a greater amount of the 
available energy at the sea surface in the North Pacific is uFfied in heating 
the atmosphere directly than is the case in the North Atlantic when a 
greater proportion is used in the evaporation process. 
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'Phc principal reason for the higher values for R in the North Pacific 
appear (juite obvious. Since the ratio, Qo/Oe, is given by 

it follows that either vapor pressures over the North Pacific must be 
lower than over the North Atlantic or the quantities (fw — U) must be 
greater. The data show no significant differences between vapor pres- 
sures over the t wo oceans but an analysis of charts showing the differences 
between sea and air temperatures over the North Pacific and North 
Atlantic (l^ S. Weather Bureau, 1938) shows very clearly that the posi- 
tive temperature differences (sea minus air) are greater over the North 
Pacific as a whole than over the North Atlantic. The curves showing 
the latitudinal distnbution of the mean annual values for R indicate, 
however, that the differences (Rf^^ minus /tAUMtie) we very nearly 
constant for all latitudes at about 0.10 or 0.11 (see table 4). It is diffi- 
cult to account for this constancy of differ^ces. 

It is to be noted that all computations of evaporation, heat exchange 
and total energy exchange have been made from data accumulated over 
the two oceans at or near Greenwich mean noon. Thus, most of the ob- 
servatioiis in the North Atlantic have been made during daylight hours 
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Tabub 4 

Latituds Vabution or Difpbrencb bIttwcbn R of the Pacific and or tub 

Atlantic 


North 



Latitude 

•/? (Pacific) 

Range 

Minus 

n 

R (Atlantic) 

6-5 

0.10 


6-10. . . . 

O.ll 

(0.106) 

10-16 

... . 0.10 


16-20 

0.10 


26-25 

0.11 

(0.106) 

25-30. .. . 

0.081 

(0.11) 

30-35 

0.14/ 

35-40 

0.10 


46-45 

. . . 0.11 


45-50. 

0.12 


50-65 

0.10 


(65-60)t 

(0.21) 



Mean. 0.11 


*M«aii ol the ratio between the average annual valuea (or Q* and ((•. 
fNot considered in the mean. 

between 0600 and 1200, local moan time, while those in the North 
Pacific have been made largely during night hours Ijetween 2000 and 
0600, local mean time. Although the diurnal variations in evaporation 
or heat exchange over the oceans can be assumed to In* small (Sverdrup, 
1040), the values computed from the uncorrected observational data 
obtained on shipboard might conceivably lead to significant differences 
and thus might account for the constancy of diffei'ences Ijetween the 
values for R in the North Pacific and North Atlantic. The hourly ob- 
servational data necessary for computations of the hourly evaporation 
or heat exchange over the oceans are not generally available. There is 
a long series of observations for the area around the East Indies (between 
latitudes 12® S and 10® N ; longitudes 112® and 134® E) obtained by the 
SneUius Expedition}* The results of the computations of R on the luisis 
of the bihourly values of sea-surface tem|)erature, Air temperatiire, vapor 
pressure and wind speed for areas farther than 100 km. from the coasts, 
are shown in figure 9 , The curve showing the diurnal variation of R 
is rather irregular but with a decided minimum at midnight and a well- 
defined mATitniim at about 1000. Actually, the variations are of small 
magnitude since the vertical scale on figure 9 is greatly exaggerated. 
Between the hours of 0600 and 1200, the mean value for R proves to lie 
0.070; between the hours of 2000 and 0600, 0.062. Thus it appears that 
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the constancy of differences l)etween the computed values for R in the 
North Pacific and North Atlantic at the various latitudes can hardly be 
explained on the basis of the diurnal variabilities in the quantities Qo 
and Qe, and the reasons for the constancy of differences are not apparent 
at the present time. 

Before closing the discussion of the seasonal and latitudinal variations 
in it should Ixj brought out that the computed values at very high 
latitudes may Ixj questionable. This is true for two reasons: (1) the 
areas involved in the computations of R for high latitudes are rather 
small ; and (2) equation (3) is very sensitive to small^ and otherwise in- 
significant, observational errors (or the dropping of decimals in the 
means) at very low values for the quantities (cw — e») or (fw — fa). 
Thus, at high latitudes (above 55® N) where Qc and Q* are very small, 
these small errors may be significant when computing R. 

CONCLUSION 

The present paper has attempted merely to present a few of the more 
important conclusions to be drawn from the computations of mean 
seasonal evaporation and heat exchange over the North Pacific and 
Nor^ Atlantic. The investigation is being continued at the Scripps 
Institution with some emphasis being placed upon the short-period and 
non-periodic variations in these quantities over the oceans. It is ex- 
pected that these results, together with the complete series of charts 
showing the seasonal and annual values for J&, Qc and Q. (the total energy 
exchanged between sea and atmosphere * Q, + Qc) and more detailed 
analyses of the data, will be presented in a later publication.* 
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DISCUSSION OF THE PAPER 

Troi. C. P. Brocdoi {Blue HiU Observatory, MiUon, Mass.): 

I wonder if the systematic error in the determination of sea-surface temperature 
by bucket — ^the method used in tlie observations summarised and mapiieu by the 
Weather Bureau — may not be involved to a significant degree in the difference in 
computed evaporation between the Atlantic and Pacific in the diurnal ranfrc of K 
and m the general to^. In 6 observational periods totalling 9 weeks at sea, both in 
the Atlantic and Pacific, in all seasons of the year and over a range of latitude from 
7® to 60®, 1 have checked the accuracy of sea-temperature, air-temperature and 
humidity observations made by shi(is’ personnel on American, (^ana(iian, Cicrman 
and Norwegian steamship™ with some surprising results. Only the sea-temiierature 
checks have been published (in part).* The systematic error of a determination of 
sea-surface temperature is of the order of — H® tX, the observed temiieratiire being 
below the true temperature. In the Clulf Stream off C’aiie Hattcrus in winter the 
averse error is about —3® 

Tne error at ni^ht is greater than by day, b3[ jierhatis C. on the general aver- 
age, but increasing in projiortion to the evarioration. At night: {I ) the wet bucket is 
colacr, not being sunned; (2) the making of a catch takes more time; (3) the reading 
of the thermometer takes longer --either liucket or thermometer must be taken to a 
light. Thus, the computed evatioration during the night in the Pacific should lie 
lower than auring the day in the Atlantic Furthermort*, the error tif the bucket 
reading will be proportional to the evaporation. Therefore, the ratio H will differ 
by essentially the same amount in all latitudes, as found by Mr. Jacoba. 

The diurnal course of is apparently also influenced by this diurnal course of 
error. 

The total annual computed evaporation is probably Mow the true evajioratmn. 
Perhaps this explains why Mr. Jacobs' values were somewhat lower than previous 
computations. 

Observations of air and wet-bulb temperatures are subjwt also to appreciable 
error. Air temperatures reported at sea in the daytime are almost univen^ly too 
high — owing to the ship’s influence. Wet-bulb temperatures itre also too hijgh, and 
for added reasons. The wet-bulb covering is usually saline. (The wet-bulb is some- 
times too high by being immersed in a bottle of water!) The result is that the vajior 
pressures computed from observations at sea are too high. 

Reply by Mr. W. C. Jacobs: 

It was realized in the beginning that the oliservational data over the o<*eiins 
would present serious errors. However, the final evi^iration equation obtained 
was prepared to fit just these sort of climatic data. Such a proccniure is valid if 
the errors of observation can be handled in statistical fashion - the computations 
show that such is the case, therefore we cease to have any further interest in their 
magnitude (see ref. 2 for full discussion). , . , . 

Prof. Brooks suggests that the evaporation computcfl by the Hjiove method 
may prove to be too low. While this might lie the ca^ when applying tlie theo- 
retical Sverdrup equation to raw ocean data,* the assigning of coirwtion faj*t<im 
based on comparisons between annual evaporation amounts comput^ on the basis 
of the several energy equations and tliose computed on the basis of the Sverdrufi 
equation has raisea the amounts by approximately 30 per cent. (HiutraiT to the 
statement of Prof. Brooks, the computed values are not lower than those of prevn*us 
investigators. For example, WUst’s annual values ore 2 iier cent lower for Imth 
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ocMUui (3 per cent lower in the oeee 6f the North Pectfic; no difference in the <MMe 
of the North Atlantic). Similariv. the computed evaporation is lightly higher than 
that given by McEwen and by (Shmidt but slightly lower than that of Mosby, the 
Utter of whom admits that his values constitute an upper limit and are probably 
too high to accurately iwresent average conditions. The lower evaporation rate 
in the North Pacific is a&o in agreement with previous investigations. 

Fioube 9 was prepared to show the small magnitude of the differences in the 
computed values for E and Qa resulting from time differences in observations and 
was not intend^ to show the true diurnal variability of R. Correcting the data for 
diurnal effects (or errors), tlien, would actually result in lower values for R (higher 
evaporation) in the North Atlantic and higher values for R (lower evaporation) 
in the North Pacific, thus increasing the constant range of differences shown in 
TABLE 4 instead of decreasing them as is suggested by Prof. Brooks. Actually, 
however, the total difference (0.018) is too smalito be considered of great significance. 
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TURBULENCE AND THE TRANSPORT OF 
SAND AND SILT BY WIND 


By A. A. Kalin»kk 

Icfwa InBtiiute of Hydraultc Research, StcUe VniversiUj of fmva, Iowa City, Iowa 

INTRODUCTION 

Experimenters have recognized what api^ear to Ix' thrcH* distinct 
methods of sand and silt iranHjx)rt by moving fluids: surface cn'e}) 
(called bed-load movement in the literaturc‘ of hydraulics), saltation, and 
suspension. The sc'cond method has been studu^d and distinctly ol>- 
served only in air, though, of course, there is no reason to suppose it do€*8 
not occur in water. 

The above classification seems to lx? fundamentally sound lx»cause 
each type of sand movement is controlled by a different s(d of forces 
acting in the fluid medium. When the drag forces on a sand particle 
overcome the gravity forces, the particle is dispta(‘ed ami rolls along 
with the fluid. The fluid drag on a grain can lx* exprc‘sse<l as 

f^CpdHf^ ( 1 ), 

where d = particle size, 

U = fluid velocity at particle, 

C = coefficient depending on Reynolds. numlxT of grain, and 
p = fluid density. 

In rolling along, some of the grains get lifted slightly off the Ixid and 
thus get into the faster moving fluid, thereby acquiring additional energy. 
If this energy is sufficiently high the grain on dropping down will impart 
some of this energy to another grain, knocking it off th(‘ I ^d; or perhaiis 
it bounces back itself. Thus grains an* carried along in a region near the 
bed at a speed corresponding to the moving fluid. Such transport of 
sand is called saltation and has Ixx'n vividly descrilxxl by Bagiiold’ us it 
occurs in the desert during high winds. 

At still gi‘eatei velocities sand and silt pat tides may lx* kept in the 
moving fluid stream for prolonged pcriotls by upward velocity compo- 
nents due to the turbulence, these upward components being at times 
greater than the velocity of fall of the particles. Tliis mode of trans- 
portation is called suspension. 

It appears that saltation is relatively unimfxirtant in the tranH|x>rt of 
sediment in rivers. This is readily explained, since for an equal drag 

( 41 ) 
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force on any given site of particle the velocity in air will have to be of 
the order of VpiTpi about 30 times as great as in water. Thus, once 
particles are moving in air they wiU acquire from the air stream a mo- 
mentum 30 times greater than particles under similar conditions would 
acquire in water. In fact, as Bagnold' points out, once saltation begins 
in air the drag between the moving air stream and the boundary is trans- 
mitted almost entirely through the action of the saltating particles and 
not by direct action of the fluid on the boundary. This action pro- 
foundly alters the velocity distribution in the region near the bed. 

The criterion as to whether saltation is significant or not under any 
given conditions will be developed further in this paper. Also, an 
analysis will lie indicated showing when suspension phenomena come 
into the picture of sand movement. 

INITIAL MOVEMENT OF SAND GRAINS 

So far as sand movement by wind or water is concerned, especially in 
soil erosion, the most important problem is that of determining the con- 
ditions for initial movement. Since it is the pressure and drag forces 
exerted on the individual grains which start their movement, the prob- 
lem fundamentally resolves itself into a study of the hydrodynamics of 
sand grains. Most experimental studies to date have been concerned 
only with average conditions, that is, with average critical tractive force 
and average critical velocity. This does not seem to be a fundamentally 
sound approach, since it appears that the variations in local shear and 
local velocity due to turbulence are of tremendous significance in the 
start of sand movement. Bagnold,' Shields, ‘ and White* have analyzed 
the forces acting on individual grains, and performed experiments deter- 
mining the constants in their equations for critical tractive force. 

Analyses of the equilibrium of sand grains (piqure 1) indicate that the 
critical force on any single grain will be 

/o»atanVfl«f* (2), 

p' » (p. - p), 

where ^ and p are densities of sand and fluid respectively, 0 the angle of 
repose of the grains, d the particle diameter, g gravity, a a constant de- 
pending on the type of flow around the grain. At low Reynolds numbers 
the force acting on the grain is predominatingly tangential, but at higher 
numbers the fluid force is predominatingly normal to the grain. This 
results in a vertical shift in the resultant line of action of the fluid force 
on the grain. 

In uniform sand, if the number of grains per unit area which are effec- 
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Fiourk 1. Forces on ssnd grain. 


tive in taking the fluid drag is equal to n/d*, the drag per unit area is 
equal to /on/d*. The value of n depends on the closeness of packing of 
the grains and can be evaluated by counting the grains which are lying 
on the top of the bed. If the sand is not uniform in size, an estimate 
must \ye made of the proportion of the total drag» taken by the sand 
grains of the size being considered. The critical drag force \)or unit 
area is then 

Tc = an tan <t>p^gd (3), 

when the value of jR == U*d/v (when* lU — Vro/p and v is the kinematic 
viscosity) is less than al)Out 3.5. Whit<''s experiments indicate that a 
is about 0.20. When the parameter H is larger than 3.5, the individual 
grains begin to shed small eddies, which tend to produce a fluctuation in 
the force acting on the grains. This occurs even though the main stream 
may l)e non-turbulent. Thus the critical value of lH)ttom shear will 
depend on whether the so-called "Reynolds numl)er,’' /?, of the grain is 
greater or less than 3.6. Experiments to determine Tc for various ma- 
terials and conditions can probably Ik? mad(* best in contracting water 
tunnels where sufficient shear can be dev€lopi*d without the creation of 
large-scale turbulence in the main stream. The use of viscous liquids 
other than water may also be desirable; For values of Ji groabu* than 
3.5, White found experimental values of a of about 0.25. 

In any case it is apparent that the critical value of unit shear required 
to move sand particles can be experimentally determincjd. ''Fhc prob- 
lem now remains as to how this value of Tc is to l)e applied in case of 
natural water courses. First, the important item to keep in mind is 
that, if even momentarily the value of Tb is exceeded, movement will 
result. In normal open-channel flow, tutbulenco will cause the she.ar to 
fluctuate considerably. This fluctuation will undoubtedly be related to 
the velocity fluctuations. Experimental evidence indicates that the 
velocity fluctuations are distributed according to the Gaussian normal 
error law. Thus the standard deviation of the horizontal velocity, 
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if » completely describes the fluctuation. It can be shown 

that values of {V — Tt) greater than will occur only about 0.3 per cent 
of the time. Therefore, for practical purposes we can assume that the 
maximum value of (U — V) will be about 3^. Very few measurements 
of V near boundaries are available, but there are data that indicate that 
a/Vy where V is the mean velocity at the point considered, may be of the 
order of 1/3. In that case I/ma* 2l7 approximately, and if the drag 
on the particle varies as the square of the velocity, it is apparent that 
we must expect momentary values of drag equal to 4 times the mean 
value calculated from surface slope and depth of water flow. In fact, it 
is possible for the local mean drag to be sero with sand movement taking 
place due to the turbulence fluctuations with the resultant momentary 
high drag forces. 

It thus appears that experiments on bed sediment movement in labora- 
tory or natural channels involving the measurement of average velocity 
and drag cannot give fundamental data. Rather, what is necessary is 
the determination of values of <r and an evaluation from such measure- 
ments of how and to what degree the shear fluctuates. For a given xe 
the presence or absence of sand movement depends on whether from a 
statistical standpoint, in the practical case being considered, the value of 
f exceeds for any significant portion of the time. Hence the mean 
value of the shear may be of no direct significance. 

TOTAL TRANSPORT BY SURFACE CREEP 

No attempt will be made to develop a complete and final formula for 
the rate of surface creep or bed-load movement, because existing data are 
not of the type that can be used to evaluate the constants in any such 
equation. Only the general form of what is believed to be the correct 
type of equation will be presented. Considering any single grain, the 
velocity at which it will move, t/g, at any instant will be equal to 
6( C/ — t/e), where V is the fluid velocity acting on it, and I/* the velocity 
associated with the critical tractive force, r«, and 5 is a numerical con- 
stant. If the number of grains per unit area of the size being considered 
is n/d*, the rate of transportation per unit time per unit width of bed is 

Cr » U^p^gnd (4). 

But the value of Ug varies with time, since U fluctuates, and therefore 
it is necessary to determine its average value. Experiments indicate 
that the velocity in turbulent flow fluctuates according to the normal 
error law (riQuas 2) so that the frequency function of 17 is 



KALINSKE: WIND TRANSPORT OF SAND AND SILT 


45 



f(C/) = 


V2ir<r 


(5), 


where <t = and 17 is the mean fluid velocity at the sand 

grain level. 

The mean value of Vg will then \ye 

Vg^b f(lJ - r/c) f {V) dr/ (6). 

%/V9 

Let (U — r7)/<r = i, and U == (17c ~ O/cr. We then have 


+ - U,)J 


d< 


+ 6([7 - J/c) f (t) 

V2ir 


(7) 

( 8 ) , 


where f(fe) can be found from tables in books on statistics. Note that 
the value of Ug depends on or, U and f/c, ^d that Ug may have a positive 
value even though Ua is greater than U. 

Where the entire drag is due to the lx*d, the value of cr/ L tends to be 
quite constant and certain data on hand indicate that this ratio may 
of the order of 1/3. If such is the case, the value of Ug as given by 
equation (8) depends only on Uc and U ; the latter is of course dependent 
on the grain size and the bottom shear To, and would be evaluatcwi from 
the velocity distribution expression for flow over rough surfaces. 

Peihaps there are data in existence which would permit a checking 
of equation (4), but the writer has not, as yet, had an opportunity to 
make a thonmi^ investigation. The physical basis for equation 'i) 
appears fundamentally sound, because it reduces the problem of bed- 
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load movement to the evaluation of a critical drag or velocity under 
controlled laboratory conditiomi, and an evaluation of the turbulence 
under varioue natural conditions. 

CRITERION FOR SALTATION 

As soon as the movement of sand has l)een initiated, some of the 
particles may \ye lifted off the bed into the fluid stream. It can be 
assumed that they may thus acquire a velocity equal to that of the 
fluid. An analysis will be made to determine under perfect conditions 
the maximum height to which a sand particle moving at a specified 
velocity will bounce after striking the bed. It will be assumed that the 
particle has accjuired kinetic energy equal to kpJj^d^/2 and that it will 
strike a surface such as to cause it to have all its velocity directed 
straight upward. The height of vertical rise will be rd. 

The original kinetic energy will be used in raising the particle against 
gravity and overcoming fluid friction as its velocity changes from U to 0. 
The work done against gravity will \yc krp'gd*. The work done by the 
fluid resistance in the vertical direction will be equal to the average 
resistance times rd. The fluid resistance is equal to 

R « CApUy2 (9), 

where T is a drag coefficient and A the projected arc*a. Let the average 
resistance lie expressed thus* 

* mCApUy2 ( 10 ), 

where m is the ratio Ix'tween the average resistance and its initial value 
associated with the initial velocity V, The work done against this 
resistance will lie rd. On equating the initial kinetic energy to the 
work done, we have 

kp,UHy2 * rkd^p'g + mCrdApU^/2 (11) 

r « .5A;p.t/*dV[gW + .5mCdAp[/*] (12). 

Assume that the sand particle approximaU^s a sphere and that the 
average flui<l resistance can be expressed with sufficient accuracy by 
assuming a linear change in I/*, thus making m ^ We then have 
r » \/[{2gdpyp.Vy + .75Cp/p.] (13). 

Note that the value of r increases with the velocity and decreases with 
the ratio p/p,. In order to compare the value of r for similar conditions 
for air and water the value of V should be expressed so the shear is 
identical.* Bagnold' in his studies of saltation developed an expression 
for the critical velocity at which sand movement started, viz. 
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Uc « 5,763f V pWp log (dOy/e) (14), 

where Af is an empirical coefficient; e is the height of the surface rough- 
ness, and Uc the velocity at a vertical distance, y, which causes sand 
just to begin to move. If the surface roughness is caused merely by 
the sand grains, c *= d, and Uc could be calculated for y — e. However, 
for the present analysis let us substitute the value of as given by 
equation (14) for U in equation (13). The value of r then l)ecomes 

r = (p./p)/(B + .75(7) (15), 

where B = .06/Af* log^ (30t//e). (Bagnold’s value for M was about 
0.10.) Thus for conditious of the same value of shear, the value of r 
depends on the ratio p«/p, and therefore, for the same size of particle 
the height of bounce in water will l)e only about 1 /800 of what it is in 
air. This apparently indicates that saltation will Ik? many timers more 
significant in air than in water. In fact it does not appt^ar possible, 
even at high water velocities, for sand particles to bounce up more than 
a few grain diameters m the saltation process. It may thus Ix' concluded 
that in water streams, when the velocity reaches sufficient magnitudes 
to cause saltation, the turbulence will lx» such as to place the material 
in suspension and thus entirely obscure any saltation effect. 


CRITERION FOR TRANSPORTATION OF SAND AND SILT 
IN SUSPENSION 


Before the wind will transport material in susjnmsion there must lx* 
vertical components of velocity fluctuation due to turbulence great-er 
than the velocity of fall of the sand or silt in still air, which will lx? 
called c. The analyses for determining the relation Ix'tween the turbu- 
lence, relative concentration at the ground of the sand of siw' char- 
acterized by c, and concentration in suspension at some elevation y, 
were first made by Lane and Kalinske^ and later improved by Kirk- 
ham.’ The analysis is made for the equilibrium condition when the 
rate of picking up of material off the ground by turbulence is equal to 
the rate of settling. The former must be {iroportional to the relative 
amount of such material on the ground, A^b, and tin* time average of the 
"picking up^^ velocity due to turbulence, v. Thus 


R 



{v -7 c) f(v) de 


(16). 


The average rate of settling is taken as lx?ing equal to A^ec where No is 
the concentration in suspension of material at the zero suspension level. 
It is assumed that f(t;) is equal to the normal error law. To evaluate 
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assunliiig to = uvy and letting K ^ vjuy we have VP =« V/C ^Itq/p* 
Then letting equation (16) equal iSToc, and t « we have 


JVb 


ic^^KJu 


(t - 0 e“«« dt 


(17). 


Equation (17) indicates that the ratio, c/'^tq/p * /c is a function of the 
concentration ratio, No/Nh* It should be recalled that this expression 
holds only for o(|uilibriuin conditions. 

Taking some field data for various rivers and canals, it was possible 
to calculate No, Nh, c, and to; this permitted plotting k against iVo/A^b. 
A smooth curve, fkuike 3, as determined from equation (17), fitted 
the data quite well if A was equal to 39 and K equal to 0.27. 

Since K is equal to the ratio, I’/u, it would be of interest to check 
this with actual determinations of this ratio. At a short distance 
al)ove the ground in the atmosphere, Taylor’ found for this ratio 0.30. 
Some* data obtained by the author in pipes indicates the same order of 
magnitude for K. 


TURBULENCE AND DIFFUSION 

Hy analogy with molecularnliffusion theory, it is possible to study 
the diffusion process in turbulence both analytically and experimentally. 
If we define by Y the distance traveled above or bedow the ar-axis of a 
molecular particle in time, <, the following relations hold 


and 



(18) 


where /> is a diffusion coefficient, 

(f. I. Taylor* denves an analogous expression for movement in a 
turbulent fluid by introducing a correlation coefficient, r, defined as 
P e, V where v is the velocity of a particle at a certain instant and Vt 
its velocity a later time, t. I^etting x ^ Vt, where x is a downwind 
distance and P the mean velocity, Taylor gives 


dJ2 

dx 



(19). 


When X » 0, then r « unity and as x increases, r approaches zero, and 

ihmj^ rdx beconu»s a constant. For large values of x, let the integral 

be iTVrownted by the constant xo. Equation (19) can then be inte- 
grated and we have 
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r» « ~ *») 


( 20 ). 


Thus for large values of x, the relation between Y* and x is linear, 
and the intersection of the straight line with the x-axis gives the con- 
slant xo. This constant is a measure of the scale of the turbulence so 
far as diffusion processes are concerned. By analogy with molecular 
diffusion theory, Taylor defined a turbulence diffusion coefficient, D, as 
being e<]|ual to tj/2 (dP/dx), when x is such that r = 0. Thus D can 
l)e determined from a K* against x plotting by measuring the slojje of 
the straight line. Note that /) — e* Xo/ U. 

The values of T* have l>een experimentally measured in flowing 
water by injecting immiscible droplets having the same specific gravity 
as water (a mixture of carbon tetrachloride and benzine has been used), 
or by injecting a chemical solution having the same density as water 
(mixture of hydmchloric acid and alcohol used). The droplets were 
photographed on motion picture film and by projecting the film, the 
value of P could l)e calculated for various values of x by measuring 
the values of for a large number of particles, and then averaging. 
Using the chemical solution a slightly different and less time-consuming 
method was used. Theory and experiment indicate that the mean 
concentration of the chemical for various values of Y should bi' 


when Y = 0, To 


r « 7 V- 

V2ir Vk* 

M / V2t ylYh therefore C/Co 
r* = -4.606 log r/Co 


( 21 ), 

or 

(22). 


Plotting measured values of C/Cq against T* permits easy determina- 
tion of V*. Thus all that was necessary was to obtain several water 
samples and determine the chloride concentration, which is a relatively 
simple matter. 

In riQUR£ 4 art' shown data on F* against x obtained for a variety of 
conditions of water flow in open channels. Values of D and xo are 
tabulated and the data are plotted in a general dimensionless form. 
The fact that for any turbulent flow in an open channel the F* against 
X curve approaches a straight line clearly indicates that there is a 
definite limit to the scale of the turbulence. This is in contrast to 
turbulence in the atmosphere. 

In addition to obtaining data on the vertical diffusion coefficient, 
mewnir^ments were also made relating to lateral diffusion. It appeared 
that near boundaries the lateral diffusion coefficient was consistently 
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Fiourb 4. ComUtion of daU on turbulent diffution for w»ter flowing in open rhannele. 


larger than the vertical coefficient. This w in accordance with data for 
the atmosphere. 

DISTRIBUTION OF SUSPENDED MATERIAL 

The suspension problem can 1 k‘ treated as a diffusion phenomenon 
on which the force of gravity is Hiiperimposed. The general equation 
controlling the phenomenon is 

§E ~ ^ 4 - _ Vd^ ^ 23 ) 

at ay^ axj ay ax 

where N is the sediment concentration at a point (x, y) at time t. 

The writer has in a previous paper* indicated the solution of the 
above equation for various boundary conditions. The simplest solution 
is that for equilibnum i.oiiditions, in which dN jai^ aN / dx, and a^N / dx* 
are zero, and we have 

cN»DyaN/dy ( 24 ). 

This expression states that the average rate of upward diffusion of silt 
by turbulence is equal to the average rate of its dropping due to gravity. 
The equation integratt»s to 


In (iV/iV.) 




dy/Dy 


( 26 ). 
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The integral can be evaluated if Dy is expressed in terms of y. Exper- 
imentally determined values of from previously described diffusion 
experiments were used in equation (25), and it was found that the dis- 
tribution curve obtained checked the experimental measurements of 
sediment concentration quite well. (The detidled results are to be 
presented in another publication.) In figure 6 are shown typical data 
on the vertical distribution of mean velocity and vertical diffusion 
coefficient at the center of a small water channel. In figure 6 are 
shown plottings of various sizes of sand concentrations in suspension at 
various levels in this channel. The broken curves are plotted by sub- 
stituting in equation (25) the values of Dy from figure 5. The refer- 
ence point for these curves was the concentration at a distance of 0.062 
feet above the bottom interpolated from actual values. The corre- 
spondence between actual and theoretical variation of the sediment 
concentration is quite 'good. 

It was found that values of Dy determined in clear water did not 
correspond to those determined in sediment-laden water. Also, the 
values of the diffusion coefficient calculated from the velocity gradient 
and shear relationship did not correspond exactly to the measured 
values of Dy. This, of course, may be due to the difficulty in accurately 


WlocHy In 
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calculating valu^ of ^hear and velocity gradient. In general the 
measured values of Dy were smaller then the calculated values. It is 
believed that the direct measurement of both horizontal and vertical 
diffusion coefficients could be accomplished in the free atmosphere in a 
manner quite similar to that used in the water channels. 
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BOUNDARY-LAYER PROBLEMS INVOLVED 
IN SNOW MELT 

By Phillip Light 

Hydromel^orologvcal Sectum, U. S. Weather Bureau, WashtnQion, D, C. 

The problem of snow melting and its relation to atmospheric condi- 
tions is important in several respects. One is the forecasting of run- 
off from a snow cover during the melting season. Another is the 
determination of the maximum limit of melting for a given drainage 
basin in connection with the design of flood-control works. Ijastly, 
from a meteorological standpoint it is desirable to know the influence* 
of a snow cover on an air mass passing over it. 

The problem touches on several fields of meb»orology and hydrology. 
The hydrologic phase of the problem deals with the disposal of melt- 
water, a portion of which may remain in the snow cover while the 
remainder finds its way into a stream either through channels in the 
snow, or along the surface of the ground, or by jKTcolation into the 
ground. The meteorological phase of the* problem is to determine the 
agents responsible for conversion of the snow into water and to relate 
the rate of conversi<jn to meteorological factors. 

Engineers and hydrologists, who have been brought in contact with 
the practical aspects of melting snow, have ctotributed most of the 
literature on the subject in this country and have developed empirical 
procedures for handling the problem. Since it is obvious that air 
temperature must have a significant influence on melting, considerable 
use has been made of a simple temperature relationship known as the 
degree-day formula, based on a linear relation of m(*lting to t<»miHTa- 
ture in excess of 32® F. But the 'Vonstant” in this formula, known as 
the degree-day constant, derived empirically through lalxiratory exfier- 
iments with snow cores, or by correlations of temiierature and stre^am- 
flow records, is known to vary considerabb'. Values ranging from 0.01 
to 0.20 inches per degree-day have lieen obtained by various investi- 
gators at different times and over different areas. It is obvious, there- 
fore, that other important factors enter into the problem bc»8i(le8 air 
temperature. 

FACTORS AFFECTING THE SNOW-COVER ABLATION 

It might be of interest to examine at this point the various influences 
that are brought to bear on the snow cover. Since the snow is an 

(55) 
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intermediate layer between the atmosphere and the soil, it is affected 
by the processes of radiation, conduction, and convection. Heat and 
moisture may be transmitted to or withdrawn from the atmosphere by 
turbulent exchange. The snow may be warmed by radiation, both 
short-wave from sun and sky, and long-wave from cloud layers and 
water vapor, and it may be cooled by back-radiation. Precipitation, 
either rain or snow, may convey additional heat. Heat exchange also 
takes place between the underlying soil and the snow cover. 

At first glance it may seem impossible to diagnose all these factors 
and arrive at usable relationships. Simplications, however, can be 
made by neglecting trivial factors. Considering the nature of the 
available data, all we can hope to do is obtain approximate values. 
We know, for example, that ordinarily the amount of heat required to 
bring a mass of snow up to the melting point is small compared to the 
heat required for melting. Except for deep accumulations of snow, 
therefore, a uniform temperature of 32® F. can be assumed to exist in 
the snow cover throughout the melting period so that only the heat 
conducted at the upper aiid lower surfaces need be considered. Because 
the heat transmitted from below will be limited by the low conductivity 
of the soil, our chief interest will lie with the influences of turbulence, 
radiation, and rainfall at the surface exposed to the air. 

Temperature 

Since we are concerned with conditions during melting, the tempera- 
ture of the air in contact with the snow is 32® F. or very close to that 
value. Alx)ve the snow the temperature increases with height up to the 
limit of the warm-air inversion and then begins decreasing. Rainfall 
will generally tend to assume the temperature of its surroundings and, 
in falling through this type of atmosphere, raindrops on reaching the 
snow surface may be close to the freezing point. Even if it is assumed 
that the rain temperature is equal to the air temperature at ordinary 
station-thermometer levels, computations of heat conducted to the 
snow show only a slight melting effect for moderate rain intensities. 
For instance, a rainfall of 4 inches during a 24-hour period with 60® F. 
temperature, which is an extremely high temperature for rain falling 
over snow cover, will melt only 0,8 inch of water equivalent of snow. 

Radiation 

Next, we may consider the effect of radiation on melt. Because of 
selective, aibeorption by the snow surface, most of the incident short- 
wave radiation from sun and sky is reflected, but most of the long-wave 
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radiant energy is absorbed. Snow has a high absorption cooffioiont so 
that, except for very shallow snow,' a negligible amount of the radiant 
energy that penetrates the snow reaches the groumi surfa(*e to be 
absorbed there. The percentage of radiation refl(H*te<l at the up[)er 
surface, the albedo, depends mainly on the character of the snow surface. 
For non-melting conations the allK*do is high, but during melting, 
when liquid water is present at or near the surfae<‘, the albedo is con- 
siderably less. Olsson made careful observations of tlu‘ all)edo of the 
snow, and averages of a number of measurem(‘nts made undei different 
weather conditions show about 75 j)er cent aU>edo for frozen snow and 
about 60 per cent for melting snow. One interesting result is that if 
melting begins during the day, due to a rise in air temiK‘ratur(*, more 
radiant energy will l^ absorlMul by the snow and the melting raU* will 
increase. In othei words, tem|H*rature may act as a catalystr to induce 
melt by radiation. 

Although insolational heating of the snow occurs dining the period of 
daylight, the snow cover radiaU'S back to space throughout the 24-hour 
period, so that the net daily radiation tran*>f(T of hc*at in middle lati- 
tudes may be small. At the eomparativ(*ly low tempi^rijitun* of th(‘ snow 
surface, the snow may lie said to act as a blac’k body and to transmit 
heat at a rate governed by the Stefan Boltzmann law. A portion of 
this heat is re-radiated by eloinis and waU^r vapor so that the net long- 
wave radiation outward is considerably Kniuced. I'herefore, l)Oth 
short- and long-wave radiation transfens are redu d by virtue of cloud 
cover and humidity. CJoinputations of radiation can l>e made by 
various formulas and graphical procedures. Angstrom* has a formula 
that relates insolation transmitted through the atmospht*n» dqring the 
day to the number of hours of sunshine, and both Angst rbm and Brunt* 
give formulas for computing net long-wave radiation in terms of vajKir 
pressure at the surface. These* formulas an* empirical, and are based on 
the means of a large numlx*r of observations with fairly laige deviations 
from the mean. Elsasser’s method of computing graphically long-wave 
radiation transfer through the atmosphere has the advantage that the 
vertical distribution of temperature and water vapor may In* used. 
Either of these methods may be utilized to obtain adequate estimates 
of radiation transfer if oljservations of tf’m|)erature, humidity and 
cloudiness are available. 

During normal conditions, in middle latitudes and with clear sky, 
melting through radiation will o<*cur during the day with refreezing of 
the top layer of melt-water at night. For abnormal conditions as 
during storm situations, cloudiness and increased water-vapoi content 
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of the air reduce short-wave radiation transfer, although there may be a 
question about the magnitude of long -wave radiation transfer from very 
moist warm air to the snow. But I think it may be safely stated that, 
in situations where the advection of warm air takes place at a rapid rate 
over a snow field, the transfer of heat by turbulence will predominate 
to a great extent; furthermore, considering the fact that usually only 
rough results are desired because of the errors due to inadequate data, 
radiation effects may be disregarded during such situations. 

Austausch 

In the brief discussion of the temperature distribution in the air, it 
was indicated that the surface temperature with melting snow cover 
remains constant at 32® F. Since the air immediately above the snow 
is saturated with water vapor, the vapor pressure of the air at the 
surface is c<|ual to the saturated vapor pressure of air at 32® F., or 6.11 
mb. This simplifies the problem of determining heat and water-vapoi 
exchange, liecause the surface conditions are known, and indicates the 
possibility of computing quantities of heat flow and water-vapor flow 
to the snow 8urfa,ce from a single set of observations in the air layer. 

In general terms, if potential temperature increases with height, heat 
flows downward from air to snow. Similarly, the direction of water- 
vapor transport is governed by the vapor-pressure gradient. If the 
vapor pressure at a short distance above the surface is greater than 
6.1 1 mb., or the dew-point is greater than 32® F., water vapor is brought 
down to the snow surface, where it is condensed and releases latent heat 
of condensation. Conversely, if the dew-point is less than 32® F., 
moisture is evaporated into the air and the snow cover loses heat of 
evaporation. Expressed in quantitative terms, beat transfer is propor- 
tional to th(» pioduct of the Austauach of heat, or eddy conductivity, 
and the potential temperature gradient. For short vertical distances in 
an inversion, ordinary temperature gradient can be substituted for 
potential temperature gradient. Water-vapor transfer is proportional 
to the product of etldy conductivity and vapor-pressure gradient. The 
problem, then, is Uy determine the relation between these quantities 
and the meteorological elements as they are measured at the instrument 
levels. 

For the solution of this problem there are available the researches of 
Rossby,* Sverdrup,*® and others. Rossby, utilizing the theory of the 
mixing length due to Prandtl, has shown that for an adiabatic atmos- 
phere, the AwUauach of momentum, or eddy viscosity, is a linear 
function both of height, and of wind velocity at a fixed hei^t, through- 
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out the boundary layer. In accordance with this theory, surface rough- 
ness is included in a factor termed ‘the roughness parameter which is 
assumed to remain constant for all ranges of wind velocity. With a 
steady vertical flow of momentum or constant frictional stress, the 
wind-velocity gradient is inversely proportional to the eddy viscosity, 
and therefore inversely proportional to height. From this it follows 
that wind velocity must be distributed logarithmically with height and 
the frictional stress can he related to wind velocity, height al)Ove the 
surface, and the roughness parameter corresi)onding to the type of 
surface. The roughness parameter can be determined by plotting ob- 
servations of wind at several levels on semi-logarithmic paper and extra- 
polating the wind velocity profile on a straight line to the zero level, 
where the corresponding height represents the roughness parameter. 

Sverdrup has extended this development to the case of heat and 
water-vapor transfer to molting snow. By assuming a steady state of 
flow he has derived the following formulas based on logarithmic dis- 
tributions of temperature and vapor pressure, with the height inten'ept 
of surface temperature and vapor pressure equal to the roughness 
parameter of the snow surface. 


Q = CpKUi^T - To) 


( 1 ), 


where 


F = 


0.622 

V 


KVie - Co) 


K - 


pko^ 

In - In 

Zo 


h 

Zo 


( 2 ), 


( 3 ), 


where Q = heat exchange, F = wat<»r-vapor exchange, Cp » s|>ecific 
heat of air at constant pressure, p = density of air, ko = von Kdnndn’s 
coefficient, U = wind velocity, T = air temjKirature, To = snow- 
surface temperature, e = vapor pressure of air, Co = vai)or temsion of 
snow surface in mb., p == atmospheric pressure in mb., a = elevation 
of anemometer, b = elevation of hygrothemiograph, and Zo ~ roughness 
parameter. All quantities not otherwise (k«ignat(Ml are in e.g.s. units. 

For application to a level surface, these formulas requires olwaervatiorth 
at only one level since the roughness parameter of a smooth snow 
surface, which has been determined b>^ experiment to l)e 0.25 <‘ra., is 
assumed to remain constant under all conditions. Sverdrup has, how- 
ever, suggested that the distribution of elements can be better repre- 
sented by a power function under conditions of stability with warm air 
over a cold snow surface. The corresponding formulas necessitate 
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obeervatiomt at two or more levels above the snow because the exponent 
in the formula varies with the strength of the wind, amount of stability, 
and the height of observations, and must be determined through meas- 
urements of the gradients of temperature and wind velocity. 


THE ABLATION FORMULA 


Since an expression is desired that relates melting to the ordinary 
type of observations — that is, observations at one level above the 
ground — the logarithmic type of formula should be checked by actual 
data. One source of data is the published results of the Norwegian- 
Swedish Expedition of 1934 to Spitsbergen, where measurements of 
ablation of snow accumulated on glaciers were made simultaneously with 
meteorological observations at several levels. Measurements of sun and 
sky radiation and the albedo of the snow were also made so that the 
portion of the observed ablation contributed by atmospheric turbulence 
can be identified. Corresponding values of ablation from meteorological 
oljservations can be computed through the use of the following relation, 
expressing the total heat conducted by sensible-heat transfer and water- 
vapor transfer m terms of depth of snow ablated at the surface, 

0 + 600F 


D 


80 


( 4 ), 


where D is ablation in cm./sec. 

Sul)Htituting for surface temperature and vapor pressure in equations 
(1) and (2), and then substituting for Q and F in the above equation, 
we obtain 

^-^[c,r + ^(e-6.11)] (6). 

hkjuation (5) was used to compute two sets of ablation values, one 
from oljser vat ions of wind at 7 meters and temperature and humidity 
at 6 meters, and the other from observations at 2 meters and 1 meter, 
respectively. The results, in the form of equivalent heat units of com- 
puted ablation plotted against observed ablation, are shown in figure 1. 
It can be seen that the points fall on either side of the line of perfect 
agreement and no systematic error can be detected from the limited 
amount of data. The chart does show a pronounced tendency for 
values of high wind speeds, namely, points 1, 2, and 10, to agree more 
closely. This seems to show that the logarithmic formula tends toward 
greateri accuracy with increased wind speed. 

Theory indicates that the greater the wind speed the more nearly 
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eddy conductivity approacht»8 a linear relation with height, and there- 
fore, the greater the accuracy of the logarithmic formula. On the 
other hand, the greater the tempt*rature of the air the greater is the 
stabilizing force that opposes turbulence and so tht* formula should 
become less accurate when applied to higher temperatures. The-se 
facts indicate limitations to the indiscriminate use of the formula for 
all ranges of wind speed and temperature. 

For practical use in determining runoff, equation (5) should lie 
modified to include water condensed or evaporated. The resultant 
formula then becomes 

+ ( 0 ), 

and here D may be termed effective snow melt and represents the net 
contribution to runoff from turbulent exchange. 
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Further eimplificationB can be made by adopting reference levels of 
instruments of 50 ft. for a, and 10 ft. for 5, and evaluating K by the 
following substitutions: Cp — 0.24, ko = 0.38, zo = 0.25. Also, the 
following approximate relation between pressure or density and eleva- 
tion, applicable l)etween sea-level and 10,000 feet, may be used. 

P=£“ = ia-»w» (7), 

Po P 

where pa, and po are normal sea-level pressure and density, and h is 
elevation alx)ve sea-level in thousands of feet. The resultant formula 
expressed in convenient units Ixjcomes 

Z) « M\SUl(T - 32) 10- -h 3.2 {e - 6.11)] (8), 

where D is effective melt in inches per six hours, U is average wind 
velocity in miles per hour, T is temperature in ®F., and e is vapor pressure 
in millibars. Ordinarily, in view of the approximations involved in the 
formula, it is unnecessary to correct for instrument elevations. How- 
ever, if the actual levels of instruments differ considerably from the 
normal elevations selected as reference levels in deriving the formula, 
the nght hand side of equation (8) is multiplied by the correction term 

fog., (mi iog".o (1226y « and 6 are in unite of feet. 

For convenience of computations, a graph has been constructed 
applicable to lowland drainage basins (figure 2) giving values of 
effective snow melt in terms of temperature and relative humidity for a 
unit wind velocity of one mile per hour. Since the formula gives melting 
rates as a linear function of wind velocity, values read from the graph 
are multiplied by the observed wind velocity. 

ABLATION FROM A DRAINAGE BASIN 

The previous discussion has dealt entirely with melting over a limited 
area near the location of the observation station. In practice, however, 
w’e are concerned with melting rates over a fairly large area extending 
over several hundreds or even thousands of square miles. The snow 
surface is not uniformly smooth, the entire area is not at the same eleva- 
tion as the meteorological station, and some of the basin area may be 
sheltered from the direct influence of turbulence by forests or by ridges. 
Hence considerable modifleations are necessary in dealing with snow 
melt over large drainage areas. Elevation differences offer no great 
difficulty because they can be accounted for by assuming a constant 
equivalent-potential temperature and a constant pressure gradient over 
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the basin, and then correcting observations to the mean ek'vation of 
the basin. 

A question that olTers greater difficulty is this: If the area were 
perfectly level can one assume a uniform condition of the air mass over 
the basin? It is obvious that if the air is transmitting heat and moisture 
to the snow, the air in turn is losing heat and moistun* and consequently 
should suffer a reduction of temperature and humidity along its path. 
This means that unless the observation station is centrally located its 
readings are not a true index to m(‘t«*orological conditions. A station 
is usually located in the valley of the basin so that it normally measures 
conditions of the air as it enters or leaves the basin. Hence, if a con- 
siderable reduction of temperature and vapor pressure did ^kc place 
over a snow field, our predicted values of snow melt would l>e in error. 

This question cannot l^e answered at the pre^sent time* with any 
degree of assurance. One of the bothersome points is the extent to 
which the heat and moisture transfer takes place in the air; that is, the 
thickness of the layer that participates in the transfer. Ihe author has 
computed rates of reduction of melting power of the air by a method 
described in a preceding paper. It utilizes Rossby and Montgomery s 
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formtila* for the height of the turbulent layer in an adiabatic atmosphere, 
and aemimes that the heat loss and water-vapor gain or loss along the 
trajectory of the air is distributed imiformly throughout the turbulent 
layer. But this method has obvious defects because the layer of air is 
stable and the change in properties probably is not distributed uniformly. 
A mathematical treatment of this problem should take into account the 
variation of eddy conductivity with height in the whole frictional layer. 
The only thing that can be said, at present, is that it appears from the 
limited data available that the effect is small for high wind velocities. 
There are records of high air temperatures above deep snow with no 
marked increase* of temperatures in the vicinity above bare ground. 

(Questions can Ijc raised regarding the influence of the surface char- 
acteristics of a drainage basin. We can distinguish two such factors 
that would affect the results from a melting formula based on turbulent 
t rausj)ort : Huiface roughness and forest cover. Since the snow surface 
tends to follow the contours of the ground, although a certain amount 
of smoothing would certainly occur, the original character of the basin 
surface would have to he considered in any theoretical analysis of the 
probl<*m. In the logarithmic type of formula, however, roughness 
<*nterH as a constant factor so that the air properties do not affect the 
parti(Milar rotighness parameter of the surface. This indicates that a 
previoiisly determined value of an over-all roughness parameter for the 
watershed could be employed as a basin eonstant and enter into the 
formula as a simple multiplier. Since we can only hope to evaluate this 
constant empirically, the evaluation would have to be from past records 
of melting used in conjunction with meteorological observations. 

Forest cover introduces another complication, and the effect of type 
and relative* area covered by forest in a basin should be considered. 
We know that wind speed is reduced in the interior of a forest to a 
degree dep<'ndent on the height and density of trees and foliage. 
(JeigeH has found that the wind in the interior of an open forest has an 
approximatc*ly constant ratio to the wind above the tree tops. Turbu- 
lence is consi<lerably reduced in a dense forest, possibly to a point where 
turbulent transfer may be only a minor influence on heat exchange 
Ix'tween (ho air inside the forest layer and the snow surface. Very 
little investigation has been made of eddy conductivity inside a forest, 
although work has Iwn done on the distribution of temperature, wind 
velocity and humidity. These investigations indicate that the forest 
reduces the heat exchange to a fraction of that over an open area. 
Applying this idea to the problem of melting underneath a forest, the 
following observations might be made. In a dense forest, heat exchange 
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is reduced to the point where the snow melts at an insignificant rate. 
In an open forest, where turbulence of the air is an imiK)rtant factor, 
the rate of melting is governed by the turbulence regime and will be 
proportional to melting in a nearby exposed area. 

All these considerations add up to the assumption of an over-all 
empirical factor prefixing the formula, constant for a particular basin 
or homogeneous region. The Hydrometeorological Si'ction of the 
U. S. Weather Bureau has made several investigations of drainjigc-area 
melt in different sections of the country and has found this constant to 
be fairly conservative. Values have been obtained that rang(» from 0.5 
to 1.0. The greatest difliculty is to find cases for which const aids can 
l)e evaluated. Certain conditions are necessary, such as a pi'riod of 
rapid melt in which both temperatures and wind velocities arc high. 
There should also Ix' plentiful data on stream flow, snow depth within 
th(* drainage basin, and meteorological elements. In practice, very few 
test cases that fulfill these' recjuirements arc discovered in any particular 
area of study, so only a limited iiumlxT have been analyzed as yet. 
The validity of the method is indicat<'d by the fact that the distribution 
of melt computed by means of the formula, and the introduction of a 
basin constant, conforms reasonably to thi* actual distribution of snow- 
melt ninoff as determined from stream-flow recon Is. Hen* it should Ik* 
point(‘d out that the question of snow-m('lt runoff involves other prob- 
lems that may reasonably be expect'd to obscun* ne effect of ini'lting 
at the surface of the snow. The amount of liquid water that might l)c 
contained in the snow blanket has Ix'cn given little attention, but it 
certainly might have a pronounced t'ffect on th(* way that mi*lt waU*r 
mak(*s its appearance in the stream channels. Studies mack* thus far 
seem to indicate that melting has the major (*ffect on runoff, and that 
the runoff characteristics of the basin, well as the* r(*taining effc*et of 
the snow cover itself, are of minor conscxiucncc*. 

An illustration of an actual case of the* application of the melting 
formula and the procedure discussed here is shown in fiui rk 3. Values 
of computed melt for tlie period, March 21 -2S, 1935, in the French 
Creek Basin at Saegerstown, Penn.^ylvania, were accumulated daily 
from the time melting l>egan ami are plotted on a time scale. Along- 
side, on the same scale are plotted valuer of snow-m(*lt ruftoff obtained 
from runoff analysis. It can be seen that, except for a time lag tn'twenm 
the two curves, the shape's of the curves agnn'. Here a liasin constant 
of 0.65 was used, obtained by tlie analysis of a number of basins in tt*o 
same region, the upper Ohio watershed. 
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nr S fiirvfa of mow tnvil for French Creek Baiin (6ttD aq milva) at Hnegcratown, Pn , 

March 1030 .^ 


SUMMARY 

Summarizing tho rosultn of investigations made thus far, we may 
say that although the application of the procedure described here 
shows piemisf', numerous problems remain, both from a theoretical 
standpoint for an ideally flat snow surface and from a practical stand- 
point for areal melt ov(*r actual drainage basins. One of them is the 
<letermination of the errors involved in the use of a simple melting 
formula of this type. For instance, is melting a linear function of wind 
vi'locity for all conditions of wind and temperature*^ Also, how does 
the area of tin* snowfield affect this linear relation? Sutton's investiga- 
tions of evaporation over plane areas indicate that velocity to some 
exponent less than one is a truer proportionality for eddy transport 
from 8urfa<*eh of various shapes and areas. Other aspects of melting 
are worth consideration. Tlie effect of rainfall on melting has been 
dealt with briefly and it was indicated that a complicating factor is the 
unknown value of rain temperature. Also, long-wave radiation transfer 
from ver>' moist air close to the snow surface needs further study. 

The g^eat ncetl in furthering a study of this kind is some sort of 
exix'rimental setup. Perhaps an experimental basin can be found in 
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which measurements can be made of turbulent transport^ outgoing and 
incoming radiation, ablation of snow, and stream discharge. Such an 
area set aside for a period of time for an experiini'iital investigation 
would provide valuable data for w'ttling some of the problems outlined 
here. 
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DISCUSSION OF THE PAPER 

Dr. R. B. Montgomery (New York University , Neio York, N. 

Sverdnip’s study of conditions over the snow field in S|jitzl)ergpn indicnte<l flnit 
the effect of stability on eddy diffuaivity, wliich may l>e very Kreat at the elevation of 
common anemometer exposures, is negligible at elevations less than alK)ut I iru‘ter 
above the snow surface. In studies such as Mr. Light’s, therefore, it ap^iears highly 
desirable that the instruments for measuring tem))eratures and wind l>e located dose 
to the surface, probably between I and 2 meters aljove the snow. Under stable 
conditions the logarithmic distribution of wind, temperature*, and humuhty can l)e 
assumed for only this short distance above the surface. 

Reply by Mr. Light: 

Ordinary instrument elevations at Weather Bureau stations ari* greater than 
two meters alnive the gniund, so that a formula rostricteil to observatioiis below' 
that level would not lie of much practical use. However, fiom rk I docs yot indicate 
large discrepancies lietw'een computations of heat transfer made by m(*anH of the 
logarithmic formula from observations of wind at seven . .tders and temjierMture 
at five meters as contrasted to computations using thtta at corresponding heiglits 
of two meters and one meter. 

Mr. AUan C. Clark (Pan American Airways, La Quardia Field, N Y.)' 

As an aid to discussion of the French Creek Valley ex}>eriinent, the following is 
offered, based on personal acquaintance with the area. 

The valley through which French Creek runs is narrow in many places, wuth hills 
and forests on either side. Open ground occurs mostly in smjill areas. Hnow fall w 
locally variable, often decreasing from north to south as a result ol decreasing effect 
of 'Instability” snow showers with increasing distance from the «hon*s of l^akt Kno. 
These factors might unduly complicate the use of snow runoff data from this area oa 
a test of usefulness of snow-melt formulas. 

Dr. H. Wexler (U. S. Weather Bureau, Waehinglon, D. C.): 

When snow cover is nol to > thick (< 12 in. depending on tlie intensity of insola- 
tion and properties of the snow) the little insolation that docs |)cnetjate the snow is 
completely absorbed liy a top skin-layer of the ground, 'i’his may its b'lntiera- 
ture to 32® F. and thus begin melting of the snow from below, 'riiin may result in 
formation of "snow pockets” (depressions in the snow cover) in regiooH where niHola- 
tion is large. 

R«ply by Mr. Light: 

Sunlight that penetrates through shallow* snow’ and is al)Horl)e<l at the ground 
surface does not increase the melting rate. It means only that Home of the inf Uujg 
will occur at the lower surface. 
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Prof. C. F« Brookf {Blue Hill Observatory, Milion, Mass.): 

I note that several factors have been neglected, as perhaps usually insignificant: 
(1) the heat required to bring the snow to the melting point; (2) the heat required to 
bring the surface of the ground to the freezing point and to keep it there (onsetting 
conduction); (3) the amount of liquid water in the snow cover— up to 30^r cent in 
fairly fresh molting snow, according to calorimetric measurements by 0. F. Merriam 
(Trans. Am. Ocophys. U., 1941) and others, including myself; (4) the relatively diffi- 
cult penetration of the wind to the smooth cold snow surface, becoming increasingly 
difficult the warmer the wind is, as indicated by observed great contrasts in air tem- 
perature close to the snow surface and only a few feet above it. Items (1), (2). and 
(4), alxive, may help explain why computed melt in March 1936 excc^ed the 
obMrved. 

Eeply by Mr. Light: 

The f^uantity of negative heat storage in snow is small (unless an intense pro- 
lo^ed penod of cooling precedes the molting period), because of the low rate of heat 
difl^ion through the snow. Liquid w ater in the snow includes water held by capillary 
action and gravity water. The latter is in process of draining off from the snow cover 
and should lie considered as temporary storage. Latent-heat measurements, there- 
fore, do not indicate net amount of water held in permanent storage by the snow. 
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THE EFFECT OF A GRADUAL WIND CHANGE ON 
THE STABILITY OF WAVES 

By B. IlAUitwiTZ 

Deparimeni of Meteorology, MaasadiUBelia Inatitutc of Technology, 

Cambridge, Massachusetts 

The investigation of 8tal)ilit> and instability of waves is th<' main 
problem of the wave theory of cyclones. In studying the possibility 
of unstable waves in the atmospliere it has, as a rule, Ix^en assumed that 
a sharp surface of discontinuity scparatt's two fluid mussels of different 
density and velocity. In reality, however, th(‘ change* frmn the values 
in the one layer to those in the other layer is never abrupt, owing to the* 
effects of viscosity, molecular or turbulent. A g(‘iteral discussion of the 
effects of viscosity on the wave motion and on its stability leads to a 
rather complicat(*d problem which is beyond the* s(‘ope of this pafH*r. 
Instead, only the effe'ct of viscosity in the transitional lay(‘r will 1 h* dis- 
cusst'd. Since the most important cause* of unstable waves is a v(*locity 
shear, gravitational and dynamic instability lH*ing much less important, 
only the shearing instability ^\^ll be consider(*el. 

SUMMARY 

When a sharp discontinuity of the velocity exists, shearing waves 
are always unstable in the absence of a stubilizing influence, such as a 
density discontinuity. But if the vf*locity changes gradually through 
a transitional layer, the wave motion is unstabh* onl> if the wave length 
is at least five times as large* a.-* the width of the zoiu* of traimition as 
shown in equation (20), This result, which alr(*ady had lH*en deriv(*{l by 
Lord Rayleigh® in a discussion of tin* sensitivity of jets to sound, will 
be shown to hold also when the eff(*ct of the (‘aith's rotation is taken 
into account. CVmseqiK'ntly, the unstable legion of wave lengths 
favorable for cyclone formation is narrowed, and more so if the* frontal 
zone is wide, a result which might k* exiiected a pnoru 

The phase difference between the conq)on(‘nts of the* velocity of the 
wave motion noimal to the front is 90® in the case* of unstalih* wav(*H at a 
sharp discontinuity. If the two layers are separateil by a zone of 
transition the phase difference k‘tw£*en the two main layers is soinewliat 
larger than 90® and the variation of the phase is not abrupt but con- 
tinuous through the zone of transition. 

(69) 
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At least in temperate latitudes the wind velocity increases, as a rule, 
up to the tropopauae, but in the stratosphere it decreases again. At 
the trf>popausc* there is no sudden change of the wind itself but only of 
the vertical wind variation. Such a wind distribution does not give 
rise U) shearing instability as shown in equation (24). Under these 
circumRtanc(»8 waves will not form spontaneously at the tropopause 
but will rather lie of a secondary nature, e. g , produced by waves at 
the frontal surface in the trojiosphere. 

ZONE OF TRANSITION BETWEEN TWO LAYERS 
OF UNIFORM MOTION 

To study the l>ehavior of the shearing instability when the wind 
shear is replaced by a finite zone of transition in which the wind changes 
steadily from the value m oik* to that in the other layer, the following 
fluid system will lx* considered (fiourk 1). In the fiist layer, which 



extends from i/ = — « to ^ « 0, the wind velocity is uniformly Ui, 
In the m'cond layer, which extends from j/ = 0 to y = Z, the wind speed 
changes gradually from U\ at y = 0, to U 2 &iy = 1. In the third layer, 
extending from y » Z to y = «, the wind velocity is uniformly U 2 . 
The density is assumed to be the same in all three layers, as only the 
shearing instability will be considered. 

It will be assumed further that the wave motion occurs in a horizontal 
plane. To simplify matters, only the vertical component of the earth^s 
rotation is taken into account, a proc<Klurc» which is strictly correct only 
at the earth's poles. 

The twq main layers, I and III, are regarded as infinit(*ly wide in 
order to simplify the discussion. Moreover, finite layers do not have 
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essentially different stability conditions. The following two relations 
hold for the undiHturl)ed motion in each layer: 


and 


/r = 


1 dP 
P dy 


( 1 ), 


(7 = ~ 


l^dP 
p dz 


( 2 ), 


where / ~ 2to sin tf> is twice the vertical component of the angular 
velocity of the earth’s rotation, g is the accelenition of gravity, p is the 
density, and P and U are the pressure and velocity of the imdisturlKMl 
motion. The rate of slu'ar throughout tin* transitional layer II may lx* 
constant, 


and 


U = Ux 4- hy, when 0 < y < I (;i), 



(3a). 


Such a linear velocity distribution repr(‘S(*nts (juite well the actual 
velocity distrilmtion establisheil in the transitional lay(*r by viscosity, 
except in the neighborhood of th(‘ boiiiidaries, where the* present assumj)- 
tion leads to discontinuities of the wind shear which ai(', however, 
without great importance in a discussion of tht» stability. For the 
equilibrium pressure in layer II the following evixession is found from 
equations (1), (2) and (3): 

P - /'j - /P (f ',1/ + 2 - VPZ (4). 


To obtain P for layer I, ?> == 0 has to In* substituted in this ecpiation; to 
obtain P for layer III, Ui must lx replaced by (^ 2 . 'i"h(‘ free upjxr sur- 

face of the fluid system ivS given by the conditum that P is a constant. 
Denoting the height of the free surface by h, it follows for layer II that 

h = i{ - ^y(r'iy + (5). 


The constant H represents the height of the free surface where y « 0. 
Corresponding expressions hold for layers I and III. 

If u, V and p stand for the components of the ixrturbation velocity and 
the perturbation pressure, the eijuations of motion and of continuity, 
neglecting terms of the s(xond order, Ixcomc, 


du 

at 


+ V 


du 

ax 


-f 6t; — /c == 


1 ap 
p ax 


( 0 ), 
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dt^ dx 


^ fu ss: — . 


a(h^ am ^ 0 

ax ay 

In order to apply these equations to the three fluid layers, proper values 
have to he assigned to the parameters U and h for each layer. The 
equation of continuity can be written in view of equation (5) 

v + ?-^-r'' = o 

ax ay gh 

When the x-axis is chosen in the direction of the wave propagation, 

M, p « (8), 

I 2^ f ,1 1 j1 


where y = ^7, v 

ij 


, L and t being the wave length and the period 


respectively, and i ~ V— 1. Then 


Tlie third term in equation (7a) can be neglected to a siifficient degree of 
approximation if L is not too large. For, if L = 2000 km, 

^ |~3.1 10 


(>n the other hand, the factor*^ 


1.25 10~® nr\ if U = 10 m/sec and 


h is equal to the height of the homogeneous atmosphere. Since w and 

a a 

and and are of tlie same order of magnitude, the tliird term is 

considerably smaller than the other two, and equation (7a) may be 
simplifled; 

S + ar® 

From this and (‘quation (8) it follows that 

(9). 

ydy ^ ' 

Accordittg to the flrst equation (6) and equation (9) 

V . F — nU dv . i -V 

. ^ «B t rL- 4- (5 _ y) „ 

P dy 


( 10 ), 
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Substituting equations (9) and (10) in the second equation (6), an equa- 
tion for V is obtuned 

( 11 ).* 

The parameter / which represents the effect of the earth’s rotation, 
does not appear in this equation but only in the expression (10) for 
the pressure. This is due to the fact that the simple continuity con- 
dition (7b) holds withJ*a sufficient degree of approximation. For, if the 
variation of the vorticity is formed from the equations (0) by cross 

differentiation, the term / appears. 

The following boundary conditions are to be satisfied. The solution 
for layer I must not become infinite when y — oo , and the solution 
for layer III must not become infinite when j/ . Hence 


P \ M M/ 

P \ M M/ 


ylll 


(p - nU 
M 

while for the transitional layer 




( 12 ); 

(13); 


=5 I 


P - 




+ ^(6~/) (AV V*' + 


(14). 


Here stands for the wind distiibution m the transitional layer. 

iCi”, are constants which are lelaUnl by the boundary 
conditions at the boundaries of layer II Since then» are neilhei sharp 
discontinuities of the wind nor of the density separating this layer from 
the other two layers, the ^-components of the vclocit} and the pressures 
must be continuous at Iwth boundaries. 






ei* = Cl" 

Pi* = Pi" pj” *■ Pi"* 

The upper indices refer to the layer, the* low«*r indices to the lx)undary. 
From the condition that the velocities must lx* continuous, it follows 
that 

+ A:,n, 

K^ii^i « (16). 

•EoHAiioB (in oobUim » coniBOB Uclor r - itU which hmt hetn omittf d 1 he thwB- 

fore ewe Mtiawra where r — ttV ■» 0 for » fiaed value of y It can be abown that tbh oetytiwi atato •! 
It Bouhwl tor a dwturbaiice of thia kind (Baylwfh. 1IB5). 
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From the continuity of the preesurci the following relaticme are obtained, 
subetituthig from equation (15) 

hKi^^ - [2(r - iiUi) - h] « 0, 

[2(v - nUt) + 6] « 0 (16). 

If and, iCj“ do not vanish simultaneously — otherwise no wave 
motion would exist — the determinant of equation (16) must be equal 
to zero. This condition leads to an expression for the wave velocity c, 

p L 
since c « *“ « ”» 

M T 


(c - ih) (c - t;.) +, (t/, - U,) - ^ = 0. 

l + coth^i 

According to equation (3a) 

hl^Ut- Ui, 

Substituting this expression in the preceding equation and solving for c, 
it follows that 


c 


Ih + r/, ^ r/, U, L , 

-y ± ”2 - /I - S 7 

‘Y P 2ir* f 1 + coth ^ Ij 


(17) 


First, the case may be considered in which ^ 2 is so small that with 
2 t L 

sufiicient accuracy coth ^ approximation is correct 

2ir 

within 1 per cent when y i < 0.2 or / < 0.03 L. For such a thin 
transitional layer, 


c «= 



(18). 


These waves are alwa 3 rs unstable, due to the wind shear, I/, — I/,, 
through the transitional layer. The only difference from the case of a 
riiarp discontinuity is the appearance of the factor, 

in the imaginary term, because if f » 0, 

^ Ut 

2 ^ * 2 


e 


(19). 
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In the general case of an arbitraiTy thickness of the transitional layer, 
instability occurs according to equation (17) when 

This condition is satisfied when 

g 1.2785, 

or when 

I = g 0.204L (20). 

Thus, waves whose length is less than about one-fifth of the thickness 
of the transitional layer are stable in spite of the wind shear. 

In the absence of a stabilizing density discontinuity, waves at a 
sharp discontinuity of the velocity (“shearing waves”) are always 
unstable, as can be seen from equation (19). If the sharp velocity 
discontinuity is replaced by a gradual transition, however, a limiting 
wave length exists according to equation (20), below which waves are 
stable in spite of the shear. 

The surfaces of discontinuity that are observed in air or in water are 
all more or less gradual zones of transition. But the instability con- 
dition (20) will, as a nile, be satisfied except on a very diffuse frontal 
zone on which no cyclone formation can he expected. Since a wave 
motion of the dimensions of cyclone waves is vtiy nearly horizontal, 
the width I of the transitional layer referred to in the preceding calcula- 
tions would l>e represented approximately by the horizontal width of 
the frontal zone. It should be lx)me in mind in this connection that a 
frontal zone will be more diffuse in the surface layers than in the free 
atmosphere. 

In the development of cyclone waves. the stabilizing in^uences, which 
are the gravitational stability of stratification and the dynamic stability 
due to the earth i jtation, are counteracting the destabilizing effect of 
the velocity shear. Since the existence of a zone of transition decreases 
the destabilizing effect of the shear, the stabilizing effects must also 
decrease before unstable waves can develop. In the case of cyclone 
waves, the stabilizing effect of the stratification decreases with increas- 
ing wave length, because with increasing wave length the wave motion 
is tilted more toward a horizontal position. Therefore, the lower limit 
for the wave length of the unstable cyclone-waves should be larger the 
more diffuse the frontal zone. 

Sufficiently long waves are stable again because with the increasing 
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dimenmona of the wave disturbance, the effect of the d 3 mainic stability 
due to the earth^s rotation increases. Therefore, beyond a certain 
limiting wave length the shearing instability is overcompensated by the 
dynamic stability. Since the effect of a transitional layer is to reduce 
the shearing instability, it follows that the limiting wave length is 
smaller the wider the transitional zone. The influence of a transitional 
gone consists consequently in a narrowing of the region of unstable 
cyclone waves situated between the shorter waves, which are stable 
due to the stabilizing influence of the stratification, and the longer 
waves, which are dynamically stable. 

This reduction of the region of wave lengths in which unstable waves 
are possible suggests that the formation of cyclones as frontal waves 
does not occur as frequently as might be expected from the theoretical 
results based on the assumption that the air-mass boundaries are 
mathematically sharp surfaces of discontinuity. The argument is 
admittedly not conclusive for a number of reasons, but it len^ support 
to the opimon that other processes besides the wave mechanism may 
often produce cyclones. 

Bjerknes and collaborators^ have shown under certain simplifying 
assumptions that for sufficiently long waves the wind shear must be 
more than three times greater than the temperature difference at the 
frontal surface. In view of the relation (20), the factor three would 
presumably have to be replaced by a somewhat higher one. 

Consider as an example a cyclone wave whose length is 2000 km at a 
frontal zone whose horizontal width is 100 km. With these figures the 
square root in equation (18) becomes 0.81, so that the magnitude of 
the unstable term is 20 per cent leas than in the case of a sharp front, a 
deviation which is quite appreciable. 

The type of motion associated with these unstable waves may be 
considered briefly. Writing the expression for the wave velocity, 
equations (17) or (18), in the abbreviated form 


c cx ± ict 


U\ ^ A(7 


where r stands for the square root in equation (17) or (18) and AC/ =* 
C/» — C/i, the periodicity factor 


The constante K}, X*** may be expreseed by which will now 

be denoted by C. According to the first equation (16) 


Ki» 


[a£/ (1 ± tr) J - l] C 


W(l ±tr) - IJC. 
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From the first and second equations (15) it follows that 

= id(l±ir)C, 

K^ii =. { [(,d - 1) ± iVl «*«•' + 1 } C. 

In the following discussion only the positive sign will be chosen, as the 
negative sign refers to a wave whose amplitude decreases exponentially 
with time. Then, from equation (12) 

V* = /iZ (1 + ir) 

The constant C can l)e regarded as real without loss of generality. 
Since the real part of the expression for must be a solution of the 
differential equations, 

= T/iZ (cos fjL(x — CiZ) — r sin n(x — Cit) ], 


or 

= (VZVl + r* cos [/*(« ~ Cit) -j- a*] (21), 

where tan — r. 

Similarly 

i;n « C>/[(mZ - 1) + cos ln{x - CiZ) + a"] (22), 

where 

Tfd 


tana*^ - 


mZ - 1 + 


and ' 

t;nr = CV[(mZ - 1)1*^*'+ iP -f - c,0 +a*“] 

(23). 

where 

rtd 

mZ - i + 

If the layer is sufficiently narrow compared to the wave length, 1<KL^ 
r 1 — mZ, according to equation (18). Hence 

tan = 1 — mZ, 


tana*“ = 


tana^ 


,ii - 1 - 


1 - 


2y 


tana'“ - - (1 - id). 

These relations show that a* is somewhat smaller than 45®. a*** is in the 
neighborhood of 135®, but somewhat larger. The phase difference of 
the transverse velocity between the two main layers is therefore slightly 

greater than 90®, or ^ depiending on the ratio of the wave length to the 
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width of the zone. In the case of a sharp surface of discontinuity, the 
phase difference between the transversal velocity components is exactly 
9(f . In the case of a gradual wind variation, the phase difference 
changes in a continuous fashion through layer II from its value in I to 
its value in III. Since the phase difference increases with increasing 
values of ]/, a phase retardation occurs in this direction throughout the 
tninmtional layer. 

STABILITY AT A DISCONTINtHTY OF THE WIND SHEAR 

The solution of equations (6) and (7b) can also be applied to the 
discussion of the stability in the case of two fluid layers which are 
separated by a boundary at which the velocity is continuous while the 

shear changes abruptly (figuke 2). This type of wind distribution 



Fioukb t. DlicoBtinuity in wind ahnar batwean layara 1 and II. 


is frequently found at the tropopause, at least in temperate latitudes. 
In order to show that waves at such a discontinuity of the wind shear 
are not unstable, both fluid layers will be assumed to have the same 
density so that gravitational stability does not exist. The v-axis may 
now be regarded as vertical. The effect of the earth’s rotation can be 
neidected. Let the equation of the boundary be: y = 0; the wind 
velocity in the lower layer, l/‘ « [/, + j>iy; in the upper layer, 17" » 
U» + both layers extending to infinity. It follows, omitting the 
praiodicity fliiiltor, that 
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i;** » 

The perturbation pressures are, according to equation (10) : 
p« = *J[M + (c- 

pii = t£[6«i _ (c - A'»«e-w. 

From the boundary conditions that the vertical velocity and the pressure 
are continuous at 2/ = 0, it follows that 

L - 6 * 


0= f/o + 


2r 


(24). 


The velocity of the wave is equal to the arithmetic mean of the wind 

velocities in the first and in the second layer at a' distance from the 

boundary surface. The wave velocity is entirely convective, without a 
dynamic term, and no shearing instability occurs. A more general 
expression which includes the effects of a wind discontinuity and a 
density discontinuity has been given elsewhere (Haurw’itz*). 

The result is of meteorological interest insofar as the assumed wind 
distribution resembles that frequently found at the tropopause. Through- 
out the troposphere the westerlies of temperate latitudes increase, due 
to the temperature decrease polewards; in the .itratosphere they de- 
crease again, without a sharp discontinuity of the* wind at the tropo- 
pause. Owing to the absence of shearing instability at such a dis- 
continuity of the first order, waves at the tropopause will not form 
spontaneously as they may do at frontal surfaces under favorable 
conditions. Waves at the tropopause will be, in general, rather of a 
secondary nature, produced by waves at the polar frop*. 


DISCUSSION OF THE PAPER 
Prof. J. Holmboe (Univemty of Caltfomia ai Lot AngeUB, Cal\f.): 

Prof. HaurwiU is to be oomplimented on lus mathematical simplification of a 
very difficult proUem. Th<.re exists a lack of agreement between several writon 
reg^ing the destabilising effect of a shearins motion. Rayleigh's classical result is 
that a homogeneous straight current is unstaole when the velocity profile has inflec- 
tions (the vdocity gradient chan^ sign), and stable in all other cases. Holland* 
has recently shown by a different method, usiqg the circulation thi^rem, that stable 
waves are impossible in a straight current with arbitrary two-dimension^ sliear. 
Holland's result was derived from the comfi^ete equation of motion without linearissr 
tion and is also supported by the experimental fact that laminar flow in a pipe brealui 
down beyond the cmical Reynolds number, although the velocity profile is parabolic 
in this ease. Therefore, I believe that Hoiland's result was oorr^ and that It^- 
leigh's criterion perhaps might be due to the simplifications introduced by using 
linear equations and dropping the higher-order terms. 
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Bildf Frof* B. Bturwiti {eommuniooM after the conference): 

In the diflcuwion of the paper reference was made by Prof. Ho^boe to a paper 
by Holland.* In this paper it is deduced fnnn qualitative considerations based on the 
cweulation theorem, tW shearing instability must exist for any wave length, even 
if the wind discontinuity is replaced by a sons of gradual transition, whereu Lord 
^ 3 deigh ’8 results, on wnieh the present paper is based, are said to refer to a different 


type of waves. 

Holland’s qualitative arguments in favor of unstable waves even in the ease of a 
padual wind cmuige have a considerate degree of plausibility. In order to make 
them convincing, however, H would be necessary to show by mathematical methods 
that unstable types of waves are possible even under the condition when the wave 
types cUsoussed here are stable Until such a mathematical deduction of the wave 
type postulated by Holland is forthcoming, there does not seem to be any reason to 
doubt the applicability of Uie results presented here to the cyclone theory. 


Dr. C. L. Ftkeris (Cdumbta UnivenUy, New York, N. Y.): 

A “physical” explanation of Rayleigh's theorem was given by G. I. Taylor in 
1015 (Phil. Trans. Hoy. Sex*., A 210: 23). Taylor shows that, under the assumption 
of conservation of vortieity in eddy motion, the gain of a^momentum at each level 
during the breakdown of the laminar flow is proportional to <FU/di^. If 
is of the same sign throughout an inviscid fluid, the whole body of the fluid will be 
miining momentum. Since the walls cannot communicate the required momentum, 
the breakdown is therefore impossible. If the viscosity is finite, there is no difficulty 
because the walls can supply tne required momentum. Taylor’s considerations offer 
a ph 3 rsieal explanation of Rayleigh’s theorem and also indicate that it is not limited 
in its application to infinitesimal disturbances. But in the case of parabolic viscous 
flow, it has been eHtablished both theoretically and experimentally that the motion is 
stable for infinitesimal disturbances. 

The main conclusion of Prof. Haurwits’s paper is an instance of a well-known 
dynamical theorem that a feature of wave motion which is due to the existence of a 
dtscontinuity in the properties of the medium will persist even if the change is con- 
tinuous, provided this transition takes place in a space that is small in comjtarteon 
noth the wave lenifth. When the transition takes place in a space interval that is long 
in comparison with tlie wave length, the feature disappears. The reason for associa- 
tion between the space over which the transition takes place and the wave length can 
be looked for in the fact that in the case of a sharp transition the distance normal to 
the plane of disiHiritiriuity over which the free wave motion is appreciable is of the 
order of a wave length. 
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ON THE RATIO BETWEEN HEAT CONDUCTION 
FROM THE SEA SURFACE AND HEAT USED 
FOR EVAPORATION^ 

By H. U. Sverdrup 

Scrtppt iMtdton of Oceanography , Ummeity of California, La Jolla, California 


Since the evaporation from the oceans hy means of the energy vquh* 
tion was first calculated* ‘ in 1915, numerous attempts have betm made 
to use this procedure and to apply it to other prohlemH of similar nature'. 
If no energy flows through the solid boundaries of a lK)dy of water the 
energy equation takes the form Qa = (?r — where Q* represents the 
energy which is given off from the water surface tq the air, Qr is the net 
radiation received, that is, the difference lietween the incoming radiation 
from sun and sky and the outgoing long-wave radiation of the surface, 
and Qo is the heat used in changing the temperature of the water. 

In the above form the energy eijuation simply states that the differ- 
ence between energy received and used for changing the temiiorature 
must be given off to the atmosphere. In order to find the evaporation 
it is necessary to consider that the energy given off to the air is comi>osed 
of two terms, one representing the energy used for evaporation, and 
one representing that which is conducted to the ui\ as sensible heat, Qb. 

Thus, = Q. + Qh. Introducing the ratio, ~ writing 

Qo = LEj where L is the latent heat of evaporation and E is the evapora- 
tion, one obtains 


Qr-Q. 
L(\ + H) 


( 1 ), 


where the units of E depemd ujion the units in which the other terms 
are measured. 

Since Qr and Qo can be obtained accurately from adequate observation, 
it is important also to letermine R. In his computations, Schmidt 
assumed values of R ranging from 2.3 to 0 3. Angstrdm* pointed out 
that these values were probably too high and, from a consideration of 
the processes of heat conduction and evaporation, he concluded that on 
an average R was probably about 0.1. This value was used by Mosb}^* 
when he revised Schmidt’s figures. 

Meanwhile Bowen* had established an expression for R whi«d is 

fro« tlit Scrippi lattittiUoa of Oe«uiofrspby, New Series. No. 

(81) 
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strictly correct only under the conditions considered by him. This 
expressiim, ^^tbe Bowen ratio/' has been applied to atmospheric condi- 
tions, particularly by Cummings and Richardson/ Richardson/ and 
Cummings^'* who have assumed that the Bowen ratio would be exactly 
valid in this case as well. An anaiysb of the general validity of the 
Bowen ratio will be attempted here. 

The two fundamental equations from which Bowen starts can be 
wntten 


Qh *=* J^iCp p(di — ^t)/l (2), 

a * AL (p/ - P 2 VI (3), 

where A is the "diffusion coefficient” for heat energy and Di is the 
diffusion coefficient of water vapor through air. These coefficients have 
been found to differ only by a few per cent, as predicted by the kinetic 
gas theory. Furthermore^ Cp is the specific heat at constant pressure, 
p the density of the aii , and ^2 the air temperature at the two faces of 
a space of length /, p/ and P 2 ' the densities corresponding to the vapor 
pressures, and L is the latent heat of vaporization. 

Bowen discusses three different cases, but it is sufficient here to con- 
sider case II, in which it is assumed that heat and water vapor are 

carried away by [)roe(*88C»s of diffusion only. On these assumptions, the 

ratio, is 


Rb 


P 2 CpP ^2 

A Pi Pi 


Introducing the sufficiently accurate expression 


(4). 


p' = 0.621 (6), 

where e is the vapor pressure and p is the atmospheric pressure; putting 
the temperature of the water surface, = i>a, the temperature 
of the air at any height above the water, ei = Cw, the vapor pressure at 
the water surface, and cj « c„, the vapor pressure in the air at the 
height where the temp(»rature was* measured ; and using the numerical 
values A - 0.181 /(tf), A * 0.206 c, = 0.241, and L = 585, 
Bowen obtains 


Rb 



1000 


( 6 ). 


It is here assumed that Qi, and Q« are independent of the height above 
the water surface; that is, that stationary conditions exist. Further- 
more, the assumption is made that the transfer of heat energy and water 
vapor takes pUu^ by ordinary diffusion, in which case the corresponding 
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coefficients are functions of temperature only. Those functions are 
similar and the ratio D^jDi is therefore independent of temperature and 
also independent of the distance from the water surface. 

The fundamental equations from which Bowen starts apply to transfer 
of heat and water vapor by processes of ordinary diffusion. It might 
therefore appear that the computed ratio Rb is valid only when the air 
is at rest or in laminar motion, but, as stated by Bowen, one can expect 
**that heat losses by evaporation and diffusion and by conduction will 
follow the same laws and will l)e affected in the same way by convection^' 
(turbulence). This implies that the ratio l)etwcen the heat losses will 
be independent of the state of turbulence, or, that the ratio, /2 b, will be 
valid regardless of the character of the air motion. Recent results sug- 
gest, however, that when examining the transfer of heat energy it may 
be necessary to take into account the effect of processes of radiation 
upon the transfer of heat and the effect of spray upon evaporation. 
If such processes have to be considere^d it can Ix' expect(‘d that heat 
losses by conduction, and by evapoiation and diffusion, will lx* affected 
differently by turbulence and that the Bowen ratio may have to lie 
modified. 

Let us first examine the effect of heat transfer by radiation when the 
air is at rest or in laminar motion. In a moist atmosphere a radiant 
flux of heat is directed from regions of higher to regions of lower temper- 
ature (Brunt, 1934, p. 119) This flux is deixmdent uixin the scdective 
emission and absorjition of long-wave radiation by the water vapor, 
and is not present in dry air because dry air do(*8 not emit or absorb 
long-wave radiation. The effect of this flux of radiation can be described 
by means of a coefficient which Brunt calls radiative dififusivity I'he 
radiative dififusivity, /Ch, has the same dimensions (cm^/aec) as the 
dififusion coefficient for heat energy, D 2 , and when problems of diffusion 
of heat energy in moist air are considered, must be added to ft. Doing 
this, equation (6) is altered to 


= ^*-±'^" 0 . 66 '’’'—* 
Di Ca 


V 

1000 


( 7 ). 


Thus, the ratio R is greater than Rb and the increasi* depends upon the 
relative magnitudes of ft and /ITr. Unfortunately, very little is known 
about the value of Kb near a boundary siirface. At distances above the 
ground greater than about 40 meters, Kb has a value, ai*cording to 
Brunt, of the order of 10*cm*/sec and is thus about 10^ times great-er 
than ft, but it seems certain that Kb must decrease rapidly when 
approaching a boundary surface. Tlie very great value computed by 
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Brunt at a moderate height strongly suggests that near a boundary 
surface may be of the same order of magnitude as A (about 0.2 
cm*/ 8 ec) and that in the absence of turbulence R is many times greater 
than indicated by Bowen’s formula. Theoretical and experimental 
examination of this question seems desirable. 

In the presence of turbulence, neglecting radiative diffusivity, the 
equations for transfer by eddy diffusivity of heat energy and of energy 
in the form of latent he^t take the form 


Q* = - »^?f^((dd/d*)+7) (8), 

P 


a = - '^Ldp'/d* 

P 


(9), 


where y^/p is the eddy diffusivity and 7 is the adiabatic lapse rate, 
l.OC.® per 100 meters. 

In a steady state Q* and Q* arc independent of the height above the 
water surface and represent the quantities indicated by the same symbols 
in equations (2) and (3). With the above numerical value, the equation 

can therefore be considered valid within the turbulent layer. If this 
equation were valid fmm the very water surface, the differentials could 
be replaced by differences and 


H 





( 11 ), 


where h is the height at which the air temperature is measured, would be 
an exact equation for the ratio Qa/Q«. 

This expression for R differs little from equation ( 6 ) if (dw — t>a) is 
much greater than yh. This is usually the case and the Bowen ratio, 
Rb, is therefore applicable, as pointed out by Bowen, in the presence 
of turbulence if other processes can be disregarded. 

In the turbulent layer near the ground the effect of radiative diffusivity 
can probably be disregarded because at moderate and high wind veloc- 
ities the eddy diffusivity is many times greater than the estimated 
radiative diffusivity, but observations of temperature and vapor pres- 
sure directly above a water or snow surface indicate the existence of a 
boundary layer through which the transfer of energy takes place by 
processes of molecular diffusion and in which radiative diffusivity may 
be important. This boundary layer is described by Brunt* (p. 262) as 
a time-mean phenomenon; 
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” Water-vapor produced by evaporation at a liquid surface spreads 
outward through the laminar layer by molecular diffusion, while the 
air within that layer is from time to time exchanged by the action of 
eddies which penetrate it.” 

Above the boundary layer the transfer of heat and water vapor takes 
place by eddy diffusion as expressed by equations (8) and (9). As a 
first approximation it may be assumed that, near a surface which is 
hydrodynamically rough, the eddy diffusivity is a linear function of the 
height above the surface (Rossby'®), in which 

M«/p = koW*(z + zo) (12), 

where k p ~ 0 .4 is von Kdrmdn^s constant and w* is the friction velocity 
{w* = Vto/p, where rp is the stress of the wind). Assuming this value 
of the eddy diffusion above the boundary layer and introducing the 
ordinary diffusion coefficient in the boundary layer,'* the upward 
transfer of water vapor can be represented as a function of the differ- 
ence (cw — Ca) and, following a similar procedure, the heat transfer can 
similarly be expressed as a function of (tf* — «>•). Assuming that 
radiative diffusivity can not he neglected in the boundary layer, one 
obtains 





, z Zp , koW*d 


In ^ 
d -f* 2o 


k pw*d 


( 13 ), 


where d is the thickness of the lioundary layer. The above treatment 
assumes a discontinuity in the value of the diffusivity at the top of the 
lx)undary layer and in the first approximation this assumption appears 
satisfactory. 

With z = 600 cm, Zp = 0.6 cm, d = 0.25 cm, w* = 16 cm/sec (corre- 
sponding to a wind velocity of about 6 m/sec at a height of 6 m), /ro * 
0.4, Di = 0.206 cmVsec, Dt = 0.181 cmVsec, and Kb. - A, one obtains 
a ratio, Qh/Qr, which is 1.30 times greater than computed by means of 
equation (11). Thus, Bowen ^s formula may give t(K) small values of R 
when applied to atmospheric conditions, but this conclusion i.s based on 
inadequate knowledge as to the radiative diffusivity directly aliovc the 
water surface. A few observations suggest, however, that radiative 
diffusivity must Ije considered.'* 

The application of Bowen's formula to atmospheric conditions will be 
further invalidated if the evaporation from a water surface is greatly 
increased at wind velocities high enough to carry spray to the air. 
Montgomery^ has suggested that this process is of great importance and 
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that aft a result of evaporation from spray the evaporation will not 
wwmjfi proportional to the wind’ velocity, as is nearly the case when 
transfer by eddy conductivity only is considered, but will increase more 
rapidly at higher wind velocities. In a formal manner one can state 
that due to the effect of spray the evaporation will not be proportional 
to the wind velocity, w, but to where n is greater than 1.0. Heat 
conduction, on the other hand, will not be altered by the presence of 
spray and will remain proportional to the wind velocity. Therefore, 
the Bowen ratio must be multiplied by a factor, that is, at higher 
wind velocities the Bowen ratio, Rb, gives too high values of R, 

The above analysis leads to the conclusion that the Bowen ratio, Rb, 
when applied to atmospheric conditions, gives only an approximately 
correct value of the ratio, R » Qh/Qe- The closeness of the approxima- 
tion depends upon the importance of radiative dififusivity, the character 
of the turbulence near the ground, and the effect of spray upon evapora- 
tion. At present, none of the processes involved is well enough under- 
stood to make iKJssible exact determinations of the ratio R under varying 
conditions. In the computation of evaporation, the term RL (equation 
1) has the character of a correction term, and uncertainty as to the 
exact value of R does not, therefore, seriously impair the usefulness of 
the energy equation for determination of evaporation. 


DISCUSSION OF THE PAPER 

Prof. A. F. SpUhaUft (New York Univereity, New York, N. K.): 

Met«orolo|(ista do not use the Bowen ratio at all, but it is up to them to con> 
vince hydrologtsta that it is unsound and to point out better methods. 

Frol. B. Haurwltl (MauachuaetU Ineiiiuie of Technology, Cambridge, Maes.): 

The value of Ar for the radiative transfer of beat is certainly much larger than 
10* e.g.8. units aceoiding to the new values for the abeomtion coefficients of water 
vapor. The above value was computed by Brunt under the assumption that a layer 
containing 0.8 mm. of precipitable water ab^rbe completely the so>c^ed W-radiation. 
Such a layer would have a thickness of 40 meters next to the ground. But accor^ng 
to £3sasser, with the new absorption coefficients the amount of precipitable water 
should be very considerably larger, which would increase ICr at least by a factor of 10. 
Moreover, the theory is based on the assumption that the layers of complete absorp- 
tion of W-radiattou are thin. This assumption may be considered correct as long as 
a layer of 40 meters (0.3 mm. of precipitable water) absorbs completdy. But if the 
layer is ten times thicker, as it snoula be, at least, in view of the newer absorption 
coefficients, the whole analogy between radiative and turbulent transfer of heat 
breaks down. The thickness of the layers considered necessary by Klmmser are too 
thick for use of Kn in a shallow layer of the ocean. 

Dr. H. w«ll«r (f^ S. Weather Bureau, Washington, D. C.): 

1 agree with Professor Haurwits that the method of using Ar for layers of ocean 
is inapptioahle. It is suggest^ instead that Etsasser’s Radiation Chart (3d ed.) be 
uasd to find the radiativel^ting. Use of Brunts^ formula is extremely uncertain in 
view of the thin lay^r involved and highly selective character of radiation. 
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Mr. W. 0. JMKriiNI (t/. S. We<Uher Bureau, Waehinglon, D, C.): 

^©ct8 my own computations serioudy only in the expressions for 
Q. and but not the evaporation. 

Prof. H. W. O m n ming s {SanBemadino ValUu Junior College, Calif.) communicated 
a letter to the coi^erence, stating that although he and Dr. Sveidrup were in agree- 
ment on mmt pointe concerning the Bowen ratio, he would like to outline some 
points of difterenoe in their views, as foUows (read by Professor Spilhaus) : 

Dr. Sven^P lays great strew on the transfer of heat by radiation, and urges 
further investigation of the question. In this, he is, of course, correct. Neverthe- 
less, we must avoid any exaggerated idea of the probable magnitude of the source of 
error he has in mind. Moreover, wo must recognise the intimate relation between 
radiative diffusivity and the long-wave radiation which is subtracted from the sun 
and sky radiation in order to get Dr. Sverdrup^s Q,. In the investigations made by 
the present writer, radiation has been dealt with in a manner which, in the light of 
Dr. Sverdrup’s discussion, may be described as follows: 

His quantity A'r has not been entirely neglected, but has been treated as if it 
were a part of the outgoing long-wave radiation just mentioned. This treatment 
may not be strictly correct, but it is certainly not as bad as a total neglect of this 
energy comr^nent. The results of the experiments of Cummings and Uicharclwn 
strongly indicate that Dr. Sverdrup’s su^estion of a manyfold error is excessive. 
In fact, the error seems imperceptible. U should be noted that the experiments 
were undertaken for the specific purpose of providing an over-all test of the general 
procedure which involves an application of the Bowen equation. 

It is difficult to understand the remarks about spray, contained in the latter part 
of the paper. There is no obvious reason for supposing that spray constitutes an 
exception to the generalization pointed out by Boaen, that the transiKirt of mass and 
of sensible heat follow the same laws. In fact, it seeirw highly probable that the case 
in which spray occurs can be analyzed by a method similar to Bowen’s case (III). 
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GENERALIZATION FOR CYLINDERS OF 
PRANDTL’S LINEAR ASSUMPTION 
FOR MIXING LENGTH* 


By R. B. Montgomery 

New York Unweretiy and Woods Hole Oceanographic htUutum 

INTRODUCTION 

In atmospheric and oceanic boundary-layer problems certain crucial 
quantities have defied direct measurement. One of these is the shearing 
stress between the air and the ground or between the air and the ocean 
surface. This has been computed indirectly: on the one hand from the 
frictional retardation of the wind as manifested in the transport of air 
in the direction of the horizontal pressure gradient (across the isobars); 
and on the other hand from the slope of the sea surface produced by the 
wind in constricted parts of the ocean and from the movement of sea ice. 
Another such quantity is evaporation from natural land and water 
surfaces, which has been estimated from the thermal energy used in 
vaporization as computed from the other terms in the heat balance for 
the ground or water. The values resulting from thcM* various methods 
are not of high accuracy. 

A method sometimes used in the calculation of these ejuantities 
utilizes the controlled experiments on turbulent flow which have been 
obtained in hydraulic and aerodynamic lalwratories. The experiments 
which lend themselves most rt*adily to this application an* those on the 
flow of fluids through long circular cylinders. Dut* Xu the relative 
simplicity of the model, the velocity distribution and axial pressure 
gradient can be measured with great accuracy, and the latt/cr gives the 
shearing stress at am distance from the axis. Except near the entrance 
the mean velocity at a point depends on one coordinate alone, the 
distance from the axis. In this important respect the flow is similar to 
a horizontally unifoiin wind, in which the mean velocity depemds only 
on the distance from the ground, a l^oundary essentially in the form of a 
plane of infinite extent. 

The infinite plane and the infinitely long cylinder of small radius arc 
nevertheless boundaries of definitely different geometric jiattem. In 
app]3ring to one the results from the other it is therefore necessary to be 

^Coatributioa No. from Wood* Hoi* Oc*»BOfr»phir loiiituiioB 

( 80 ) 
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sure that the theory involved can be applied satisfactorily to both 
models* 

The approach followed here is the very fruitful one due primarily to 
Prandtl and von KirmAn. By means of their general theory the quanti- 
tative observations of the complicated pattern of turbulent flow can be 
expressed largely in terms of a single constant, the universal turbulence 
constant. The atmospheric applications give the shearing stress and 
evaporation as proportional to the square of this constant. The value 
of the constant obtained experimentally depends, however, on the 
.particular form of the general theory employed. Two previous forms 
of the general theory, one giving the constant as 0.40 and the other as 
0.31, are examined below and found unsatisfactory. A third form, 
which is apparently in accord with the observations, is advanced here 
and 3 riclds 0.45 as the value of the universal turbulence constant. 


GENERAL CONSIDERATION OF TURBULENT FLOW IN A 
CIRCULAR CYLINDER 


For the steady moan flow of an incompressible homogeneous fluid in 
a long circular cylinder the mean velocity is everywhere parallel to ,the 
axis and is therefore expressed completely by the one component u. 
The mean velocity varies only with distance z from the wall, or distance 
r from the axis. In terms of the radius r© of the cylinder, 

* + r = ro. 

The relative distance from axis may be written as 


k » 



( 1 ). 


The effective shearing stress r across any concentric cylindrical 
surface varies linearly with distance from the axis, which follows from 
the balance between normal and shearing stresses on any concentric 
fluid cylinder. If to is the wall stress, 

r ^ rje (2). 

The friction velocity, defined as 

W .0 = V 1 To I /p (3), 

where p is density, therefore varies as 

u* « u«oV/b 

The effective shearing stress is composed of two terms. 


( 4 ). 
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where m is d3niamic viscosity and to'w' is the mean product of the instan* 
taneous velocity deviations in the directions normal to the boundary and 
parallel to the axis. Except in the vicinity of the boundary the first 
term is negligible for well-developed turbulent flow. 

In order to evaluate the second term, the Reynolds stress, Prandtl^ 
has introduced the mixing length f, which may be defined by 


-7-', ,, du du 

(6). 

Except near the boundary, then, 


, dM 1 du 

M* = f , = 7, 

az To dk 

(7). 

Combining equations (4) and (7) gives 

1 ^k 

ro~ “*°du/dk 

(8), 


by means of which the mixing length can be computed from the observed 
velocity distribution and wall stress. For sufficiently high Reynolds 
numbers Nikuradse*^ * has found by this means that the relative mixing 
length I/ro depends only on the relative distance from axis. His empirical 
equation, 

l/ro = 0.14 - 0.08 - 0,06 k* (9), 

identical for l>oth smooth and rough pii)es, is shown graplwcally in 
FIGURE 1. 

Although equation (8) is not always applicable close t,o the wall, it 
may be integrated to give the distribution of velocity defect Um — u, 
where Mm is the mean velocity at the* axis, throughout the rest of the 
cylinder. 

Mm M 
M41O 

It has been found experimentally that for well-develop(‘d turbulent 
flow this ratio (Mm — m)/m*o is apparently a universal function of the 
relative distance from axis, the function extending close to the wall 
(von K^rmAn, 1934, p. 6). Some experimental points showing this 
function are plotted in figure 2. 

By studying the distribution of velocity defect instead of the distri- 
bution of velocity itself, one avoids the complicated conditions close to 
the boundary, where also the observations are inherently less accurate. 
Furthermore, the universal character found empirically for the velocity 
defect indicates that the central region of a cylinder offers the simplest 
proving ground for theory. 


/ 


VA; 

ljU 


dk 


( 10 ). 




Fionas 1. EvUtive siixisf Icoftli m s fanction of the relative distance from axis of a circular 
cjrltnder. 


A theorj' for the velocity distribution may be expressed in terms of 
the mixing length, and e-ach of the three variations below introduces 
the universal turbulence constant. The satisfactory theory for the 
distribution of mixing length must not only be applicable for an infinite 
plane boundary but also agree with equation (9) for a circular cylinder. 
Or better, since the empirical equation (9) was determined from small 
differences of observed velocities, when inserted in equation (10) the 
mixing-length theory should give a function in close agreement with the 
directly observed distribution of the ratio (um — w)/u*o. 

LINEAR DISTRIBUTION OF MIXING LENGTH 

Prandtl (1932, p. 189) found that in the immediate vicinity of a solid 
boundary the mixing length is, very nearly, simply a linear function of 
the shortest distance from the boundary. Hie proportionality factor 
is the Mniversal iwhvlenot constonf With an additive term in the form 
introduced by Rossby and Montgomery (1935, p. 5) 

, 1 - K (f -f So) 


( 11 ). 
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FiauBB ft. E«tio of velocity defect to fnctioo velotilv m a fuoctioii of the relative diaUnce Ifoai 
axia of a circular cylmder. 


The length *o, which for a hydrodynamically rough boundary has been 
found to depend on the nature of the boundary alone, may be called the 
roughness length. 

From equation (7) it follows that 

^ ^ 1 dz 

U# K * -H *0 ' 

For a boundaiy layer within which the variation of friction velocity is 
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neg^gibk this g;ive8 on integration, assuming 
vanish at s « 0, 

u ^ 1 jjj ^ "i" ^0 
ti4i0 K So 


the mean velocity to 
( 12 ). 


Except for the thin layer next to the boundary where Zq is comparable 
with *, the last equation may be written 


u 

tho 



(13), 


given first by Prandtl.* This logarithmic distribution of wind above 
the ground agrees with observation within experimental error when the 
air is in neutral hydrostatic equilibrium (Prandtl, 1932; Lettau, 1939, 
p. 72). 

The assumption of linear distribution of mixing length and the dis- 
regard of the variation of friction velocity are in definite* disagreement 
wth conditions in a circular cylinder except within a boundary layer 
extending perhaps a tenth of the distance to the axis. If one neverthe- 
less applies the last equation all the way to the axis, it gives 


^ ^ 1 in_>i 

Ui^O K I — k 


(14). 


Surprisingly enough, this agrees rather well with the observed distribu- 
tion. ''Fhe reason that the two false assumptions lead to such a good 
result is that the basic differential equation (7) contains the ratio of 
friction velocity to mixing length, both of which, by virtue of the assump- 
tions, are increasingly too large on approaching the axis. The two errors 
therefore cancel to some extent. It may be noted that the resulting 
expression gives finite shear at the axis, which is physically impossible. 

A value of 0.40 for the universal turbulence constant gives the best 
agreement between this theoretical expression and observation (Rouse, 
1938, p. 244). Curves C in figures 1 and 2 show how good the agree- 
ment is. 

The generally accepted value for the universal turbulence constant 
is 0.40, derived from a somewhat different treatment of the problem — 
using actual velocity instead of velocity defect— but still involving 
constant friction velocity and linear increase of mixing length well into 
the central portion of the cylinder (von K4nn4n, 1934, p. 9). For 
iq>I^cation over a plane boundary this determination is seen to be 
unsatsrfaetoiy. 
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MIXING LENQTH IN TERMS OF FIRST AND SECOND 
DERIVATIVES OF MEAN VELOCITY 


By stipulating sunilarity of the pattern of turbulent flow, von K&nn6n 
(1930, p. 63) concluded that the mixing length is given by 

* “ * I d*/ ds* I 

where k is again the universal turbulence constant. From equation (7) 
it follows that 



For a boundary layer within which the variation of friction velot»ity is 
negligible this give*s on integration 

u^to 


/ 


= If (« + const.). 


The left side is the mixing lengthy so equation (15) reduces to equation 
(11) and therefore this assumption for mixing length is applicable for 
an infinite plane boundary. 

At the axis of a small circular cylinder the shear vanishes but the 
second derivative of velocity is finite. According to equation (15) the 
mixing length would therefore vanish, which is contrary to observation. 
It is thus seen at once that this assumption is no^ suitable for flow in 
circular cylinders. 

Taking into account the variation of friction velocity and intro- 
ducing the relative distance from axis, the differc»ntial (*(|uation for the 
velocity distribution becomes 



At the wall the shear is relatively gn»at, hence as a boundary con<litioii 
for the first integration the shear is assumed infinite at the wall, giving 


1 du _ 1 _ 1 

w»o dk 2ic 1 — Vifc 


( 17 ). 


This gives finite shear at the axis, so it is valid neither at the axis nor at 
the wall. According to this relation the relative mixing length is 

l/ro » 2if (Vk - k) (J8). 

It vanishes at the axis and at the wall, and is maximum at a (]uarter of 
the distance from axis to wall. 

Integration of equation (17) gives, as tiie equation for the velocity 
defect, 
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= ( 19 ). 

^♦0 « \ 1 - Vib / 

In ordf r to fit this to the observed distribution of velocity defect von 
KAnndn (1934, Fig. 8) used 0.31 for the universal turbulence constant. 
With this value, equations (18) and (19) are drawn in figures 1 and 2 
respectively as curves B. 

A NEW HYPOTHESIS FOR THE MIXING LENGTH 

It IS desirable to sec^k a more generally applicable assumption for the 
mixing length. For a plane boundary this assumption should reduce, 
as does von Kdrm^n’s, to a linear distribution. 

Prantltl’s geometrical assumption for mixing length can be generalized 
so that th<* dependence is not merely on the shortest distance to the 
boundary. It is reasonable to expect that at a given shortest distance 
to the Iwundary the mixing length is, for instance, less in a circular 
cylinder than near a plane surface, because the boundary is nearer in 
other than the shortest direction to it. 

The models concerned are cylinders of infinite extent with the flow 
parallel to the axis, the infinite plane being merely a limiting form of 
circular cylinder. The shape of the boundary is therefore determined 
by the cross section of the cylinder. It may be assumed that at a point 
within the cylinder the mixing length depends on the distance to the 
wall in all directions on the cross-sectional plane. It would not be 
appropriaU* to use a function of simply the average distance, since this 
would lx* infinite near a plane boundary. One may make the hypothesis, 
however, that the mixing length is a linear function of the reciprocal of 
the average “nearness,"’ in the plane normal to the cylinder, to the 
cylindrical wall. 

To state this more precisely, consider the cross section of any cylinder 
as illustrated in figure 3, a. In this plane let 8 be the distance from a 
point to the wall in the direction this angle being measured from any 
chosen direction. Then the hypothesis is that the mixing length at 
this point is 



where x and So have the same significance as before. 

Suppose the wall is a plane at distance t from the point in question, as 
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Fiuuki 9 ('roM serlioQii of rylioiien. 


shown in figure 3,1). Thon the dirwtion may l)e measured from the 
perpendicular to the wall, and 


yo « zj-M i 


o 

z 


Thus equation (20) reduces to equation (11), so the assumption is 
applicable for a plane boundary. 

Between two flat plates distant by 2 the mixing length would be 

K[z{i-z/2ro')^zo] ( 21 ). 

At the mid-plane this gives th(' relative mixing length us 


neglecting the roughness length. 

The relative mixing length at the axis of a cifcular cylinder is found 
immediately to be 


ro V 


(23). 


Hence, from the empirical expression for relative mixing length, e<]uation 
(9), the universal turbulence constant would be 
1C =» 0.14 IT =« 0.44. 

The empirical determination of relative mixing length near the nxl 
is rather uncertain, however, and the velocity defect will be found 
better fitted by the value 0.45. 
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For an arbitrary point within a circular cylinder it is seen by reference 
to the triangle in fioube 3,c that 

8 » Vfo* - r*Bin*(ir — + r cos (t - d). 

Hence 

s/fo » Vl — A;*an*^ — A; cos 
and 

fo _ VI ~ A;* sin* ^ 4- Ar cos ^ 
s " 1 - A;* 

Now 



cos 0 dd = 0 


and tho elliptic integral 



Vl — A^sin^^dd = 



sin* 6 d^, 


HO fhe relative mixing length is given by 


/ 

To 


K 


1 - A* 



A** bin* B d0 



(24). 


Neglecting the term containing the roughness length, and using 0.45 as 
the universal turbiilenci* constant, this expreasion is shown in figure 1 
as curve A. I he agrix^ment with observation is seen to l)e satisfactory. 


THEORETICAL EXPRESSION FOR THE VELOCITY 
DEFECT IN A CIRCULAR CYLINDER 

^ In finding the velocity def(*ctthe roughness length will lie neglected. 
Conse<^uently the shear U^conn^s infinite at the wall and the result will 
not lx» applicable clobi* to the wall. Combining equations (10) and (24), 

n Z'* /'"^^^VA'Vi — A'^sin*^ 


w*o Jo Jo 1 - A:*"^ 


d^dA; 


(25). 


The mathematical function on the right side can be evaluated by the 
iwe of two expansions in series, 

1 '(1 - A:*) = 1 -f A:* 4 A:< -f . . . (A;* < 1) 



/ VP— A:*ain*^dtf 

2L \2XV 3 \2X4X6/ 6 * ^ 
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SO it bectnoes 


+ [‘ - (01 - (0’- (^0’5]‘‘ + • • •}"■ 


On integration the result may be written 

pk ^ Vi — fc* sin* 6 j, 2 , ^ V 

V. y. rnfcS dedfc = 3,/:*/«£a.fc‘- (26a), 

J-Fi _ AY. flxjY- - 

4n + 3L \2/ V2X4/3 • 

-X3><1 ><...X J2«-1)Y 1 1 

2X4X6X...X(2n) / 2« - ij 


On **“ 




Some values for this function are given in table 1 . 

According to equation (26a) the shear vanish(\s at tin* axis, a projwrty 
lacking in both the previous theories. 'I'he ratio (um u)/u*o according 
to equation (25) is drawn as curve A in fiouiie 2, using 0.45 for the 
universal turbulence constant. The agrc^einent with the ol)servatjons 
is satisfactory, and is definitely better than for curve B or curve C. 


Table 1. Values of the Fi notion 



r/2 ^|]c Vf- kUin^e 

1 ~ k* 


09 (k 



Function 

k 

Function 

.00 

0.000 

.50 

0.811 

.02 

0.006 

.55 

0.957 

.04 

0.017 



.05 

0.023 

.60 

1 119 


.65 

1.301 

.10 

.15 

0.006 

0.123 

.70 

I.50Q 


.75 

1.749 

.20 

.25 

0.190 

0.267 

.80 

2 036 


.85 

2.395 

.30 

0.355 



.35 

a452 

.90 

2.880 

.93 

3.290 

.40 

0.560 



.45 

0.679 




DETERMINATION OF THE UNIVERSAL TURBULENCE 
CONSTANT 

In arriving at a suitable value for the universal turbulence constant, 
principal consideration is given to the ratio (ua ~ u)/u*o at a relative 
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distance from axis of 0.9. This point is chosen far from the axis, the 
oididii through which the curve passes automatically, and yet far enou^ 
from the wall to avoid the complications at the boimdary. At this 
point the observed ratio as given below is 6.47 for smooth pipes, deter- 
mining in comparison with the function in table 1 a v^ue for the 
universal turbulence constant of 0.445. For rough pipes the ratio is 
6.21, determining the constant as 0.464. The average of these two is 
about 0.45, which was adopted in drawing curve A in figure 2. This 
curve agrees with the observations sufficiently well throughout its 
length, so the value appears satisfactory. 


SELECTION OF DATA 


The most comprehensive data available on the velocity distribution 
for flow through long circular cylinders are those of Nikuradse, the 
fluid being water. His first report (1932) gives the results for smooth 
pipes, the second report (1933) those for rough pipes. In his experi- 
ments the spcKid of flow was measured just outside the pipe at the exit. 
Consequcmtiy the measured speed ”at the wall” is not zero; actually it 
is of the order of magnitude of half the speed at the axis. The measure- 
ments close to the wall, at relative distances from axis of 0.96 and 0.98, 
must therefore be considered questionable. 

When the viscous stress is important at the wall, as is the case with 
smooth pipes or with rough pipes at low Reynolds numbers, the radius 
U used in computing theoretically the distribution of mean velocity 
within the turbulent flow should apparently be the radius of the turbu- 
lent core, exclusive of the laminar lijundary layer (Montgomery, 1940, 
p. 12). For smooth pipes Nikuradse gives velocity distributions for 
16 runs, for Reynolds numbers from 4000 to 3 240 000. The relative 
thickness of the laminar boundary layer, computed from 


I 

To 


7.8 — 
roU«o 


(27), 


(Montgomery, 1940, p. 14) where d is the thickness of the l>tmmA.r 
layer and is the kinematic viscosity, ranges from 0.055 to 0.00014. 
In order to eliminate the difficulty in regard to the radius of the turbu- 
lent core, those runs have been chosen for which the thickness of the 
laminar layer may be considered negligible compared with a tenth of 
the radius, the latter being the distance from the wall at which the 
velocity is important for present purposes. A relative thickness of the 
l a m i n a r of 0.002 may be considered negligible, leaving 9 acceptable 
runs, nan^ those with a Reyncdds number greater thai^ 205000. 
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The mean values of - tt)/u»o for these 9 are given in table 2, and 
are the points plotted in figure 2/ The mean values of relative mixing 
length for these same 9 runs are the points plotted in figure 1 (Niku* 
radse, 1932, Zahlentafel 5). 


Table 2. Means of Observations of {Um - v )/ u ^ as Functiqn of IIblative 
Distance from Axis in Circular Cylinders 


tim - K 


To 



Smooth * 

Rough ** 

.00 

0.00 

0.00 

.02 

0.02 

0.02 

.04 

0.04 

0.06 

.10 

0.15 

‘ 0.17 

.20 

0.42 

0.44 

.30 

0.77 

0.79 

.40 

1 . 22 * 

1.22 

.50 

1.79 

1.77 

.60 

2.48 

2.44 

.70 

3.35 

8.31 

.80 

4.53 

4.42 

.86 

5.37 

5.16 

.90 

6.47 

6.21 

.93 

7.46 

7.11 

.96 

8.96 

8.45 

.98 

10.55 

9.94 

i.o(r* 

15.15 

14.05 


■Mean of the 9 rum for amooth pipes with Krynolda numlirit i05 000 sod greater, from Nikuradae 
(19SC, Zahlentafel 7). 

l>Mean of (1) the 4 rum for rough pipes having relative roughnesa 1^407 and Heynolda numbers 
186 000 and greater and (2) the S runa for relative roughnesa i/95* and Reynolds numbers 202 000 and 
greater, from Nikuradae (1983, p. 18). 

•Nikuradae *a value of 1.86 at Reynolds niiuher 8 240 000 is a misprint. Tbe value 1.16 has been 
used here, as computed from the speeds and friction velocity (Nikuradae, 1032, Ze*'lentafel 2 k Zahlen* 
tafel 4). 

^Note that these values are computed from the measured speed at unit relative distance from asis, 
measured outside the exit of the pipe. 


With a rough boundary it is cust'Omary to r(»ckon distance from the 
boundary aa the distance from the mean elevation of the boundary. 
In accord with this Nikuradsc»’s values for ro are the mean radii of his 
pipes. Similarly in equations (11) and (20) it may be assumed that 
z and 8 are so reckoned. Since there may be some question about this 
procedure, however, the uncertainty has been eliminated by rejecting 
the runs in pipes having a large relative roughness, the ratio of the diam- 
eter of sand grains forming the roughness elements to the radius of the 
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pipe. The runs were chosen from the two groups having smallest relative 
roui^mess, namely, 1/607 and 1/262. From these groups were used 
again only the runs with a computed relative thickness of the laminar 
layer of less than 0.002, leaving a total of 7. The means for these are 
given in table 2 and in nouRE 2. 


DISCUSSION OF THE PAPER 


Frof. Eurt O. friedrlehs {New York UnivereUy, New York, N. Y.) communicated 
by letter previous to the conference: 

It is really surprisins how well Dr. Montgomery's hypothesis fits with experi- 
mental results. It would be quite natural to try similar hypotheses, as for example 



instead of ^uation (20), which is also consistent with relation (11). For a circular 
cylinder this would lead to the simpler formula 

I - + 

If this is fitted so as to give l/ro 0.14 for ib 0, So ■■ 0, one obtains for the turbu- 
lence constant the value, k 0.28. It is thus apparent that this simpler formula 
repremnts the experimental results rather poorly in contrast to Dr. Montgomery’s 
more involved formula. 

Of course Dr. Montgomery’s hypothesis is of an empirical character. It refers 
L) the situation in the large and thus is at variance with the property of the basic 
laws of nature to lie expressible as relations in the small. The similanty hypothesis 
of von KirmAn, on the other hand, was so devised as to have that property. How- 
ever, this need not be an objection. It is not unlikely that the stability of unsteady 
flow depends materially on the situation in the large and that accordingly turbulent 
flow cannot be characterised by conditions in the small. 


Dr. WiUUun F* Whitmore {NcanU Ordnance Lahoraiory, Navy Yard, Wiuhington, 

The Question of the exact form of average employed in getting an average distance 
td be used in the expression for I might be given more consideration. An arithmetic 
averaM is unsatisfactory, as mentioned, but there are innumerable averages possible 
in addition to the one u^. One widen comes to mind immediately is 


Nir 


(Note communicated later. — Subseouent calculation shows the elliptic integral to be 
replaced by a constant, giving a paranolic law which Dr. Montgomery informs me is in 
disagreement with the observations, so this average is not so desiraole — there is still 
need for a final decision on the best average, however.) 

It is possible, of course, that the resulting curve is not very sensitive to such 
changes, but quite possibly the value of ic might be altered. Id^ly, of course, the 
form of average used should be determined by general considerations of hydrodynam- 
ical theory, but that is perhaps too much to expect at present. 


Frof. A. F. Spilhaiia {New York UnivereUy, New York, N. Y,) : 

The average used in the expression for mixing length is taken over a plane angle; 
might it not be furtlier generalised so as to be taken over a solid angle? 

Frof. B. Baurwltg {MaeeachaeetU InetUuU of Technology, Cambridge, Move,): 

Professor Spilhaus remarks that the integral from which the mixing length is 
obtained is extelkled only around the circumference of the cylinder and that it would 



MONTGOMBRY: GENERALIZATION FOR MIXING LENGTH 103 

team more ^ipropriate to extend the integral over the whole oylinder aurfaoe. This 
ronoark leads to the question whether the theory can be extended to flow in non- 
cyundncal vessels or around obstacles. 

Reply by B. B. Monteomery: 

"nie problem considered here is strictly one of two-dimensional flow such that 
the direction of the mean velocity is everywhere parallel to a cylindrical boundary 
and that its magnitude varies only in a plane normal to the cylinder. The m(^el (s 
of infinite extent, so the turbulence is fully developed. This has the conBc»quenoe, 
apparently, that an expression for mixing length can be set up which involves only 
the geometry of the ooundary. The expression contains an average, and tmii 
problem can be characterized completely by an average limited to a plane. In sug- 
gesting a solid-angle average Prof. Spilhaus implies that the resulting expression for 
mixing length mi^t apply to other problems, as for example to turbulent flow past a 
sphere. If some modification of the concept of mixing lenf^h should be useful in these 
other problems, it would not seem reasonable that mixing length would depend only 
on the geometry of the boundary —mixing length would presumably not be constant 
on a concentric shell about a sphere. The approach seems inherently limited to the 
problem specified, and generalization to include other problems docs not appear 
possible. 


Prof. B. Ebkurwits: 

Though the more accurate determination of k is certainly important and useful, 
the foremost merit of Dr. Montgomery's paper s^ms to lie in the fact that it links up 
the case of flow over a plate, that is, a cylinder of infinite radius, and over a cylinder. 
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INTRODUCTION 


By 

Chaules M. Bogert 

The American Museum of Natural History, New York, N. Y, 

Meetings of the American Society of Ichthyologists and Herf)etologistH 
and the American Society of Mammalogists were held concurrently at 
The American Museum of Natural History in 1942. The two societies 
agreed to a joint meeting for the express purpose of discussing criteria 
for the lower taxonomic categories, and invitations for fonnal participa- 
tion in the symposium were extend(‘d l)y the I^ocal (\)niinitt<*<*s to 
outstanding workers in the fields of mammalog}^ ornithology, heriH*- 
tology, ichthyology, vertebrate imleontologj’^ and vc»rtebrate gen«»t- 
ics. The men who ac(‘epted were aske<l to present pajM'is dealing pri- 
marily with methods used in vertebrate classification, as the title chown 
for the symposium implies. 

The modern systematist in actual practice is concerned with the in- 
ferences he can draw from morphological charact(*rs. But to conform to 
modem standards he must avail himself of information supplied Ijy other 
branches of biology. He is no longer interi*sted merely *a t he preparation 
of card indexes of names assoeiateil with muwnim spc*ciinens. Syste- 
matics has \x^come a focal point for many branches of biology, including 
genetics, ecology, cytology, and psychology, to cite only a few. Syn- 
thesis of the information supplied by these various fields of sjK'cialization, 
in part at least, is the task of the modern systematist. He is intereHU‘d 
not only in orderly phylogenetic arrangcmimts of organisms, Inith fossil 
and recent, but in evolutionary piocesses. As Julian Huxley has re- 
cently stated, “The problem of systernatics is that of dct<ecting evolution 
at work.” No taxonomist can afford to l>e disinterested in such pertinent 
biological phenomena as Isolating mechanisms, nor will he discount th(‘ 
value of population studies in genetics, (’’ontributors to the symposium 
call attention to the value of thcsiries founded on data supplied by other 
fields, but applicable to taxonomic conc<*pts. Improvements dn defini- 
tion are not lacking as a result. 

The viewpoint expressed by each of the contributors is not nccesHarily 
the consensus of workers in the fields represented. To a large extent it 
is a personal viewpoint, dependent upon the training and experience of 
the individual; but in part it has evolved from the nature of the material 
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with which each has been chiefly concerned. Each author places stress 
upon one factor or another in defining the criteria he advocates. Still 
it is obvious that each has been confronted with similar problems. 

(Criteria for genera cannot lx* defined on any grounds and, needless to 
say, no nile of thumb has been attempted, if the generic category has 
l)een discusseci at all. Nevertheless some very worthwhile considerations 
have been set forth, particularly in the papers by Simpson and Mayr. 

The importance of the subspecies in the taxonomic system is not 
questioned, but several difficulties in defining criteria for infraspecific 
groups arc discussed. The differences between subspecies, races, sub- 
races, colonies, and local populations are not clear cut; indeed the terms 
have no formal, precise connotation in most vertebrate work. “Race” 
and “subspecies” seem to be used as 8ynon3rmou8 terms except in the 
field of ichthyology. Further complications exist in interpreting infer- 
ences drawn from data where gradients or dines exist and the ideal of 
objectivity is perhaps not attainable. 

llie species is recognized as the fundamental unit of taxonomy, but 
all contrilxUors do not concur with reference to criteria for the species. 
The strongest dissenting voice emanates from the field of mammalian 
genetics. Blair regards interstenlity as the criterion for species. Others 
place more stress \q>on conditions in nature. Potential hybridization 
under lal)orator>' conditicms is not considered of great importance in 
determining taxonomic rank. Ceases are cited where, on th(‘ basis of 
inferences drawn from morphological characters, two populations ap- 
parently inU^brecd in one area where ranges overlap, but fail to produce 
intermediates or hybrids in other areas where representatives of both 
occur side by side. Whether the problem is essentially ecological or 
genet ical it concerns the taxonomist. 

Problems of inference are inherent in much of the discussion and each 
contributor freely admits the arbitrary nature of his criteria. For the 
most |>art contributors are in essential agreement whether they define 
species in terms of “al> 8 ence of intergradation,” of “reproductive isola- 
tion,” or mention “closed systems,” “discontinuous units” or “differen- 
tiated kinds.” It may be said that the major disagreements lie in the 
conjectural interjirc^tation of similar data. Controversial issues raised in 
one paper are frequently answered in another. In this respect, and in 
the diverst' viewpoints expressed, the individual papers are comple- 
mentary. The symposium, as herewith published, represents not a mere 
description of taxonomic procedure but a summary of information rele- 
vant to tbe problems involved in the interpretation of the processes 
of evolution. 



CRITERIA FOR SUBSPECIES, SPECIES AND 
GENERA, AS DETERMINED BY 
RESEARCHES ON FISHES 

By 

Carl L. Hubbs 

IJnwernty of Michigan, Ann Arbor, Michigan 

The criteria for the minor taxonomic groups of fishes do not differ 
essentially from those that are pertinent to the sulispecies, species and 
genera of the tetrapod classes. The increasingly detailed and penetrat- 
ing researches of recent years keep emphasizing the conclusion that these 
categories are of essentially the same sorts in all groufts of vertebrates. 
Speciational processes appear to be similar throughout the Vertehrata, 
in fact throughout most of the organic world. 

For several reasons, however, we find that fishes are particularly well 
suited to an analysis of the minor taxonomic categories, and hence to an 
appreciation of the criteria by which these assemblages can be recognized. 
In the first place, fishes are rich in diffi'rcntiae: they fairly bristle with 
diagnostic external features, and (characters jKinctraU* their » whole 
anatomy (the internal characters may r('adil> lx? inv' (tigat-ed, for the 
whole bodies — not just skins — are preserved). Most ol the distinguish- 
ing features are readily subject to pr(‘Cise evaluation, and hence to 
statistical analysis; meristic differences are common. For such studies 
it is often possible to make use of hundreds or oven thousands of speci- 
mens, for large series of fish are readily collected and preserved. The 
critical relations between individual and racial modifications are par- 
ticularly amenable to study in fishes, for the aquatic vertebrates are 
molded by their environment to a greater degree than are the representa- 
tives of the so-called higher groups; the trend of vertebrate evolution 
has been to free the organism from domination by its physical environ- 
ment. The fact that xnany of the stocks or races within a fish species 
occupy highly diverse ecological situations often makes it possible, with- 
out recourse to experiment, to analyze the individual modifications and 
the genetic responses to the environment. Finally, the genetic basis of 
chai^ters and the genetic interrelationships of forms can be determined 
more readily by experiment in the Pisces than in most other groups, be- 
cause many fishes may readily be propagated, and becjause of the fre- 
quent occurrence, in certain fishes, not only of subspecific intergradation, 
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but also of int<*rRpecific and even of intergeneric hybridization. Natural 
hybrids between species seem to occur more commonly in fishes than in 
any other group of animals. Fishes are especially well suited to the 
study of forms as populations of living animals, not merely as samples of 
preserved specimens. 

Except as they may be arbitrarily erected, the distinguishing criteria 
cannot be more precise than the true nature of the taxonomic categories. 
Every advance in the general systematics of fishes tends to dispel further 
any idea that these categories differ from one another with sufficient uni- 
formity to permit lines of clear demarcation to be drawn consistently 
Ijetween them ; or that any of the assemblages are subject to a very precise 
and exclusive definition. He who creates hard and fast distinctions be- 
tween the sysU^matic categories is merely drawing lines of chalk down 
a blackl)oard. 

Largely on the basis of convention, w^e recognize a primary distinction 
l)etwei‘n kinds or forms (colonies, subraces, races, subspecies, and species) 
on the one hand, and groups (species groups, subgenera, genera, and 
larger categories) on the other side. The kinds are regarded as the units 
which make up the groups, but each kind may ordinarily Ix' shown to 
be a group comprising lesser units, down to the small colony and finally 
to the individual (which in turn is an integrated colony). And each 
minor suix^rspecific group, such as a genus, may lx* scarcely less a kind 
than is the speeies; this is most obviously true of monotypic genera. It 
is therefore difficult to state criteria, even for the distinction of kinds 
from groups. All kinds of animals and all of the groups are surely to be 
regarded as graded levels of evolutionary differentiation. 

Race's, subspecies and species are all regarded as kinds or forms, and 
therefore as having common terms in their definition. Kinds may be 
defined as st'lf-perpetuating |K)pulations with a considerable degree of 
uniformity in time and in space. There are then three essential con- 
siderations in the concept of animal kinds: genetic basis; integrity as 
populations; success in the struggle for existence. Somatic responses of 
the individual are not true forms. Systematic characters must have a 
genetic Ijasis; if this is not demonstrable, it is to be inferred. But one 
or a few genetically distinct animals do not necessarily constitute a 
systematic kind. There must be a population, self perpetuating and dis- 
tincrive. Animal kinds are not made up of characters, or of museum 
specimens, nor of age or sex variants, nor of interbreeding phases; they 
are living entities in a living world. And, as David Starr Jordan has 
insisted, populations with a genetic l^asis do not qualify as species (or as 
infraspecilic units) until they have successfully run the gauntlet in the 
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vigorous struggle for existence in nature. In speciation, survival is 
quite as significant as genetic potential. 

The fish data seem particularly valuable in the classification of the 
types of animal kinds. In addition to the usual distinction of species 
and subspecies, the race is interpreted as a distinct taxonomic category 
by most ichthyologists. Unlike many ornithologists and mammalogists. 
they do not use '^race*^ or “geographic race^* as a synonym of subsjx'cies. 
For several reasons, such as the abundance of available material and the 
demand for the population-analysis of commercial fishes, minor races 
have been studied more in the Pisces than in other groups. Ichthyolo- 
gists have therefore had most reason to separate the race as a category 
distinct from subspecies. They think the distinction to be a valuable 
one and urge its general adoption. Such studies as those of Sumner 
and of Dice on Peromyscus and of Miller on Junco suggest that the con- 
cept of the race, as a lesser division than the subsp)ecihH, will come into 
wide use through the vertebrates. 

Races, in the sense here advocated, are not accorded a place in the cur- 
rent systi*m of zoological nomenclature. One reason is that since Hindi 
races an* ordinarily distinguishable only by average characters that may 
call for statistical treatment, the routine identification of single speci- 
mens or small samples would often Ix' difficult or even imixissible. Race 
ranking may Ix' accorded forms, like local types of Gatfic rosteus aCulenim, 
which are so confusingly numerous or so complex in characters, and so 
complicated in genetic and geographical ndatiouship, as to transcend 
any ordinary scheme of zoological nomenclature. P]x(*hiding the races 
from the nomenclatorial system does not imply that th(*ir distinction 
and study are unimportant. On the contrary, the minor races — potential 
species in the early stage of thcii making— are jxThaps the most signifi- 
cant material for the study of speciation. 

For one, I decry, as impracticable and as contrary to the International 
Rules, the use of a quadrinomial sysUm for the designation of races, and 
I still more vehemently oppose the nomenclatorial recognition of 
''morphac'' and ''nationes," as distinct from subKi)eci(‘s. 

Unless the systematics are excessively complicated, I would designate 
as a subspecies any genetic form which shows reasonable geographical 
or ecological consistency, and which can usually l>e distinguished on its 
totality of characters. Ordinarily it would be required that much more 
than half of the given population be distinguishable; not neceasarily at 
all times and places, but at least in one s(^x, at some given stage of de- 
velopment. Interpreting the ensemble of characters, as by the method 
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of the character index, may aid in defining a form as a subspecies rather 
than as an unnamed race. 

Unlike races, subspecies are animal kinds which are sufficiently clear- 
cut as to be thought worthy of a place in the nomenclatorial system, 
but which do not give evidence of being completely differentiated. 
Species, m simple terms, may be denoted as kinds (defined above) which 
are completely differentiated from all others, but which do not themselves 
include fully differentiated subdivisions. These definitions of the cate- 
gories of animal kinds are based on practical as well as theoretical con- 
siderations. Recent studies in ichthyology seem to justify the com- 
promise. 

Despite the obvious intergradation between systematic categories in 
fishes, ichthyologists share with other systematists the view that a 
higher degree of distinctiveness and reality is possessed by the species, 
than by any infraspecific or any supraspecific category. However diverse 
our opinion may be as to the magnitude or consistency of this distinction, 
or however much we may confuse the issue by philosophical quibbling 
over “reality" versus “concept," we agree in the view that the species 
represents a rather definite and relatively stable level of attainment 
in evolution. 

The cn^ation of a new species marks the approximate end of the specia- 
tional process, for differentiation has then proceeded to completion or 
nearly so. Species, therefore, are usually trenchantly distinguished from 
one another. The ichthyological evidence leads us to sus^t that 
species dominate the systematic picture, not only because of their dis- 
tinctness but also because of their long life. Once the specific level has 
been attained, with its more or less complete genetic segregation, further 
divergence will probably be accelerated, but the local and individual 
variants that appear will ordinarily long remain an interbreeding part 
of the speides complex. The further transformation or division of the 
species into one or more new species is a hurdle which Nature finds diffi- 
cult and time-consuming to jump. 

In my younger, more radical, years I was so much impressed with the 
view that species are the most natural and distinctive of the taxonomic 
categories, that I considered proposing a uninomial system of zoological 
nomenclature. Such a system, it was thought, would have many ad- 
vantages over the Linnaean one which has been in use for nearly two 
centuries; it would indeed divorce taxonomy from nomenclature, lead to 
the 8tabilit}r, uniformity and brevity of names, and force precision in 
identificatkms; and it would be the logpcal outcome of the tendency 
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toward monotypic genera. If subspecies were always sharply distinct 
from species, such a scheme would indeed have a strong call for adoption. 

However, the more intensely I have studied fish species, the greater 
the number of species I have examined, and particularly the more 
thoroughly I have studied whole species groups throughout the range of 
the complex, the more difficulty I have found in the interpretation of 
forms as subspecies or as species and in distinguishing species from 
species groups. The distinctions appear more and more arbitrary. 
This realization, along with the attainment of a more conservative age, 
has led me to abandon the idea of proposing a new system of nomen- 
clature. 

Possibly the fresh-water fishes (of which 1 have studied more than a 
million specimens) are peculiar in the high percentage of forms which 
only by arbitrary decision can be classed as subspecies or as sjH'Cies. 
On the other hand, marine fishes and other groups of ‘vertebrates may 
seem to exhibit sharp distinctions between species and other taxonomic 
categories, only because the systematic studios have boon based on 
fewer specimens or have been less analytical, or because the systematic 
picture has been more dominated by convention and ‘‘authority/' 1 
suspect that the truth involves both alternatives. 

Incompleteness versus completeness of differentiation is the main tc'st 
by which subspecies may be distinguished from species on the kinetic 
concept here advocated. Degree* of differentiation is Mfficult to d(‘t<‘r- 
mine, especially from small samples, but is the Iniest mc'asun* we can 
obtain of the stage of speciation. No other criterion would seein to hav<* 
so sound a speciational basis, or to be so consistently apidieable. 

Determining or predicting whether two kinds do or do not intergrade 
therefore becomes a matter of paramount nonu'nclatorial importance. 
Intergradation is a central problem in practical systematics as well as in 
speciational research. 

Intergradation would be rather easy to demonstrate, if it were regularly 
of the simple type which alone has been recognized by many vertebrate 
zoologists. According to their oversimplified view, intergrading forms 
have well-defined ranges which are separated by a narrow b<*lt in which 
the characters of the one subspecies grade rapidly and evenly into those 
of the other. Recent variational analyses by ichthyologists, however, 
keep emphasizing the views; (1) that this simple, narrow-band type of 
intergradation is perhajM the exception; (2) that there are many, often 
complex types of intergrsdation ; and (3 j t hat, in tlie area of intermixture, 
there is every stage between complete fusion and almost complete 
genetic isolation. Such critical studies as those* of Blair on J?u/o, of 
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Piteh on ThamnaphiSf of Miller on JuncOj and of Dice on PeromyscuSf 
confirm the view that varying patterns and degrees of intergradation also 
characterize the higher vertebrates. 

The simple intermediate-band type of transition between well-defined 
subspecies of fish does undoubtedly occur, especially in some forms with 
coast-wise distribution (for instance in certain West Coast blennies). 
At times, the area of intergradation may be very broad, greater than the 
range of either subspecies. Or the area may be small, or may be a longi- 
tudinal connecting strip rather than a transverse band. Commonly 
there is a chain of forms, or a rather even gradation from one end of the 
range of the species to the other. Among the fresh-water fishes inter- 
gradation tends to follow what we have termed a mosaic pattern. 

The ranges of two subspecies are commonly separated by a wide belt, 
in any part of which we may find: (1) entire populations typical of cither 
form; (2) mixtures of the two types; (3) a complex of either one or both 
types plus intergrades; or (4) intergrades alone (Notropis comutus chryso- 
cephcUus and N, c. frontalis ^ for example, intergrade in all these ways). 
If we free ourselves of preconceived ideas of how subspecies are or should 
be interconnected, we can readily appreciate why such complex patterns 
are probably the rule. Two foims which occupy distinct territories, 
with different climatic conditions, will almost surely develop different 
environmental responses. For this reason the two types, in the inter- 
vening zone, will tend to segregate themselves, or, if they occur together, 
they will often spawn in different niches or at separate times. Where 
the environmental conditions are contrasting, the two types will tend to 
maintain their identities; where the environment is uniform, the forms 
will intergrade. 

Such diverse types of intergradation will probably be found to hold 
throughout the vertebrates. To treat as subspecies only those forms 
which intergrade in the conventional pattern would be indefensible. 

The common tendency, at least in fresh-water fishes, for two forms to 
intergrade in some localities but not in others, renders difficult and 
equivocable the test that is most commonly applied, usually without 
doubts or reserve, to determine whether two forms should be separated as 
subspecies or as species. This is the test of determining whether two 
forms that live together do or do not intergrade. Further difficulties in 
applying this test arise from the incompleteness of available data, and 
from the subjectiveness that must ordinarily bg involved in reaching an 
* inference” concerning the genetic relationship; from the circumstance 
that the really critical data pertain to the exact time and locale of breed- 
ing; and from the circumstance that two forms may occur together with- 



HUBB8: SYSTEMATIC CRITERIA BASED OX FISHES 115 

out interbreeding, yet be connected by a chain of interconnected sub- 
species (the **open circle’*). 

Then, too, we encounter the uncertainty, that forms morphologically 
intermediate between two kinds may arise through the interbre€*ding of 
these two kinds. The interjacency of characters may be due to chance 
variation, or to independent adaptations to intermediate conditions. 
On the subspecies concept that requires intergradation as a result of 
interbreeding, such interpretations would throw the systematic decision 
into doubt. In my view, however, the existence of truly intermediate 
types would be taken as evidence that subspecies are involved, even 
though the intermediates had not arisen through interbreeding. I 
would not even demand that the intermediates occupy an intermediate 
range * they may crop out at any interior, peripheral or even disconnected 
location. 

In general I subscribe to Jordan’s Law, that nearest relatives tend to 
occur in adjacent , rather than in the same or in distant territories. I there- 
fore regard geographically contiguous but complementary ranges as 
typical for subspecies. It would, however, lie unwise to accept this 
relation as a criterion for subspc'cies. Forms otherwise like subspecies, 
and regarded by me as such, may occur in widely separated regions, or 
on narrowly but completely separated range-s (as in adjacent stream 
systems tributary to the ocean). Again we find forms of the sulispccies 
type who.se ranges are entirely enclosed within that of their cognates: 
thus Boleotioma mgrum eulejns exists in appropriate pockets within the 
range of B, n. mgrum, with a halo of intergrades around each of the 
units of discontinuous distribution. 

In increasing number, subspt'cies in hshi's are benng shown to Ih» 
ecological (oi microgeographical) fonns, which occupy diverse habitats 
in the same or in very broadly overlapping an*as. They exhibit a pattern 
of partial or complete intergradation, in which the intergrades occur 
mosaically at appropriate points throughout the common range of both 
forms. This type of subspeciation is proving to be common in fishes, 
notably among the fresh-water fishes of the western United States. 
Noiropts voluceUus is an outstanding example in eastern North America. 
Most geographical differentiation is in part ecological, and most eco- 
logical subspecies have some geographical basis. The two types com- 
pletely intergradc. Obviously, then, the criterion of intergradation is 
not to be restricted to purely geographical interconnections. 

Not only may subspecies violate the rule of adjacent, complementary 
ranges, but full species may show the distributional type that is more 
typical of subspecies. Many unquestionable species — even some ^nera 
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— fish show complementary distribution. It could hardly be expected 
that geographically seriated subspecies would never differentiate in situ 
into seriated species. 

Character intergradation between two wholly or almost wholly isolated 
(non-interbreeding) populations is not, in my opinion, to be excluded as 
evidence of incomplete differentiation, and may therefore be taken as a 
criterion of the subspecific status of the two kinds. It is probable that 
some of the intergradation that is observed between forms of overlapping 
or contiguous ranges is due to parallel adaptations, of separate origin, to 
the intermediate conditions, or to chance variation rather than (or in 
addition to) interbreeding. The criterion for subspecies, of intergrada- 
tion due to cross-mating only, would seem to be impracticable as well as 
illogical. 

llius I regard intergradation of almost any type as evidence that 
Hpeciation is not complete and that the forms involved are on the sub- 
species level of differentiation. 1 would, however, lay much greater 
stress on actual intergradation in nature than on potential interbreeding. 
I do so not only because I lean quite as heavily on the survival as 
on the genetic aspect of the concept of animal kinds, but also because it 
is more objective to deal with what exists than with what we may infer 
to lx* possible. The curse of most systematic work has been its sub- 
jective or * ‘authoritative*’ basis, against which we should react. What 
actually occurs seems to be most significant, and it is generally admitted 
that many apparently “good** specie of fish and other animals interbreed 
freely in captivity yet never or very seldom do so where they occur 
together in nature. There are other than purely genetic isolating mech- 
anisms. As Haldane has written, “The physiological barrier between 
two species may be of several different kinds. It may occur before or 
after fertilisation, and the hybrids, if any, may be sterile, or more or less 
completely fertile.** I prefer to regard as full species any two completely 
distinct forms which do not intergrade in nature, whether or not they 
fail to interbreed because of their isolated ranges. If under appropriate 
circumstance the two forms at any time come together and interbreed 
regularly, I would take this as evidence that they have reverted from 
the specific to the subspecific category of differentiation. 

Thus I regard it as impracticable to restrict the concept of subspecific 
intergradation to connections between forms that are assumed to be 
diverging; that is, to what may be called primary or antecedent inter- 
gradation. It will commonly be difficult or impossible to determine 
whether the intermediate characters of a given population date back to 
the initial idivergence of the two types, or are due to the secondary or 
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subsequent meeting and interbreeding of populations, or of entire forms, 
which had previously been isolated for some time. Our analyses of 
intergrading forms lead us to Mieve that most intergradation, even in a 
single region, is due to a combination of the primary and the secondary 
processes. It would seem wholly impracticable to set up divergence, 
as opposed to convergence or fusion, as a criterion of the sul)specific level. 

It would also be unwise to restrict the concept of subspecies to forms 
which change as organismic units from one to another across their aone 
of intergradation. An increasing numbei of cases are being discovered, 
in fishes as well as in other groups, in which the units of geographical 
variation and intergradation are characters which do not all change at 
the same region. Thus, as we proceed southward, a color feature (for 
example) may int(‘rgrade at one point, whereas a scale character will 
change farther south If the intervening type with the color of the 
southern race but the squamation of the northern one has a considerable 
integrity in characters and m range, it may l)e rmigniml as an inter- 
mediate subspecies. The same tn'atment may lie accorded intermediate 
populations which exhibit harmonious or concurrt^nt intergradation in all 
characters. Whether or not to recognize the intervening subspecies 
should depend on individual and geographic consistency in charact<»rs. 

Furthermore, the two sexes may intergrade at diffen^nt points. 

Commonly the specific level is evidenced by completeness of differen- 
tiation in each of several respects, usually in at l(Md one character. 
Complete differentiation, howevei, may Im‘ flemonstrated only when the 
ensemble of characters is studied. Each differential feature when con- 
sidered alone may show an overlap, when the freqinmcies for the two 
types are compared. Nevertheless, the kinds may invariably be dis- 
tinguished on the basis of the ensemble of their characters. This com- 
pleteness or near-completeness of differentiation may often be statisti- 
cally demonstrated by the use of the character-index method which we 
have been employing. 

We do not often hear, in modern ichthyology', of the formerly common 
expression, ^^specific characters,'^ as something essentially different from 
“varietal characters" or from ‘generic characters." Consistency is a 
better test than kind for the taxonomic significance of a character. Thus 
we find that the union of the lower pharyngeal Umes coupled with the 
transformation of conic pharyngeal teeth into molars varies considerably 
within a species, and in different groups of fishes characterizes a subgenus, 
a genus, a family, and an order — atccording to the current system. 
Characters, like gold, are where you find them. 

Despite certain claims, the mode of uiheritance of the systematic 
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charactere provides no valid criterion for systematic ranking. We can 
not place a given form as a subspecies or as a species, on the basis of 
whether its characters do or do not show sharp Mendelian segregation. 
Our breeding experiments with fishes and our analyses of natural hybrids 
are indicating that most of the many systematic characters studied, 
whether of race, species, or genera, behave according to a seemingly 
Galtonian type of inheritanc>e, though some features of equal systematic 
value do Mendelize simply. This would seem to be the general rule, at 
least for vertebrates. Haldane wrote in 1938: 'The majority of inter- 
specific differences, however, blend, though there is usually an increased 
variability in Fj which can be explained as due to segregation . . . The 
hypothesis of multiple factors is at present neither proved nor disproved. 

In general, however, we find that simple Mendelian segregation is 
typical of “sports’^ and “phases’’ that do not oceur with suffieient con- 
sisttmcy as discrete populations to warrant their inclusion in the taxo- 
nomic system. The hereditary pigment types of LebisteSj as studied by 
Wmge and others, and the caudal-peduncle markings of Platypoenlus, 
so thoroughly investigated by Gordon, I would put in the same class. 

Some have held that subspecies produce intergrades uniformly inter- 
mediate in all characters, whereas species, when they interbreed, yield 
offspring with a mixture of the characters of the two parental types. 
The extensive evidence on intergrades and hybrids in fishes does not sup- 
port this claim 

Evidence from reciprocal crosses between subBf)ecies and species of 
fishes contradicts the odd view that “nuclear differences may account for 
variation within a species,” whereas “the deeper differences between 
speci(»8 depend on the cytoplasm.” 

In a general way only it may be said that subspecies exhibit adaptive 
responses to temperature and other physical features of the environment, 
whereas Kp(*cies characters, if adaptive, are correlated with food habits 
and other biotic factors. Such relations, however, do not hold with any 
great consistency and are not available as definitive criteria for systematic 
ranking. 

lliere may still l)e some vertebrate zoologists — few ichthyologists, I 
hope — who would accept as a criterion for systematic ranking, the 
interpretation of the characteristics of the animal as adaptive or non- 
adaptive. 8ome have held that subspecific characters are adaptive, 
whereas spetdfic and generic features are not of survival value; others 
deny that species possess the adaptive characters which the superspecific 
groups display. Such a criterion would be unsatisfactory, in that it 
would teiid to maintain systematics as a subjective rather than an ob- 
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jective art. I would add that adaptiveness is not rightly to be used as a 
criterion for systematic ranking, because, in my opinion, almost all 
characters — whether of races, subspecies, species, genera, or higher 
groups — have been involved, primarily or secondarily, in the adjustment 
of the animal to its particular environment. 

To rank two forms as subspecies because * ‘their intimate relationship 
would be concealed by a grant of specific status’" seems to be an un- 
justified taxonomic procedure. Of course subspecies are more closely 
related than species, but this is true only on the average. To class a 
form as a subspecies by reason of one’s opinion as to relationship carries 
all the dangers that commonly go with subjective decision. The next 
worker may have a different'feeling. Stability of nomenclature calls for 
more objective criteria. 

It is similarly wrong, I would say, to force a kind into the subspecies 
rank merely because it is a member of a minor evolutionary^ cluster of 
which the other units are subspecies. There is no reason why any 
member of such a group should not attain complete* differentiation and 
hence warrant specific status. 

Ordinarily an inferred monophyletic origin is regarded as a requirement 
for any natural group or kind. Lately some authors, notably Dice, have 
interpreted subspecies as ecological responses which may originate 
repeatedly. Such local types as the black mammals of the lava'beds, 
or the brackish-water races of Zoarces, very probably ht* c evolved inde- 
pendently in response to a like habitat. Monophylety is obviously not 
to be applied rigidly to infrasjiecific units. Until complete genetic isola- 
tion has lieen attained, forms will no doubt often interchange their gepcs. 
Identical or similar mutations, followe<l by wdection, could readily trans- 
form a given kind of animal repeatedly into adaptive products that arc 
indistinguishable or even genetically identical. The poly phyle tic races 
of a subspecies may differentiate into distinct species, or a charactci 
which will later define a distinct spt'cies or even genus may arise in e- 
pendently at several localities. Hence, to Hc»me degree species and gen- 
era, as well as subspecies, may be polyphyletic. . i • 

One of the better diftmctioiis between Mubspccies and specitm lies m 
the magnitude of the structural differences. Hut again no clear-<‘ut, 
usable criterion is provided, Kven within a race, terata and p ases may 
show differences greater than those separatifig related genem. me 
subspecies which are evenly connected by intergrades show i eifn^ 
which are more trenchant than many of the specific distinctioiw in the 
same group (such, for example, are the differences ^ 

a^ms ajfinu and (?. a. holbrooktth It w tx) be expected that bonds of 
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intergradation may be continuouidy retained by some forms, which have 
undergone an amount of differentiation that would ordinarily accompany 
complete speciation; or that two forms long separated and well differen- 
tiated may retain potential interfertility, so that they will again inter- 
grade and become subspecies when their ranges come to overlap. 
Amount of difference is therefore not an infallible criterion for systematic 
ranking. 

Ichthyologists will concur in the general view that genetic isolation is 
probably the best single index by which species may be distinguished 
from subspecies Recent researches on fishes, however, prove that even 
this test often breaks down. Degree of fertility is positively correlated 
with degree of relationship, but only in a rough way. Subspecific inter- 
grades lend to l)e fertile, hut some crosses within a single race are sterile; 
except in certain groups like the Cyprinidat', most spe(‘ies arc* more or 
less completely intersterile, or produce infertile offspring, but some genera 
yield fertile progeny. Furthermore, in some groups there is every grada- 
tion in fertility, without the sharp distinction between interfertile sub- 
species and intersterile species that some geneticists, as Shull, postulate. 
We find this true, for example, in the genus Mollienima, on which we have 
been conducting breeding experiments for ten years. Effective isolation 
in nature often precedes the attainment of sterility, as already mentioned 
in titrating potential as contrasted with actual intergradation. Just 
where and how to draw the line Ijetween genetically connected and 
genetically isolated forms is often very difficult to determine m fishes, 
not only those which are little studied but also those which have long 
been subjected to breeding experiments. 

CONCLUSIONS 

To my knowledge no single criterion that has ever been erected 
will suffice to define the species, without the need for some exceptions 
and modifications. The more intensively species are studied, through- 
out their ranges, the more difficult it often becomes to decide on the taxo- 
nomic rankings. Nevertheless, most species in most groups seem suffi- 
ciently distinct to be interpreted as such by all systematists. Even 
when all single tests for the species level break down, a form may be 
recognized as a species by reason of the usual validity of a scries of cri- 
teria, just as some subspecies and species may be known by the usual 
though not invariable possession of each of a series of characters. 

Much more often than is generally supposed or admitted, the distinc- 
tion of subspecies from species appears indefinite and arbitrary. Among 
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the general biologists Haldane has appreciated this circumstance, for, in 
1938, he wrote that: **Our general conclusion is that there is no evidence 
that at any rate closely related species differ in a manner qualitatively 
diverse from varieties/' Subspecies no doubt are usually terminal twigs, 
but, contrary to the views of Bateson and Goldschmidt, some of these 
twigs no doubt grow into great limbs on the tree of evolution. 

We have been surprised to find, of late, that we must be arbitrary even 
in ranking some forms as subspecies or as genera. This is true of two 
minnows of the Mohave Desert, which represent two of the wide-spread 
genera of the West. In the Pluvial period these fishes were obviously 
separated as lacustrine and fluviatile types but they are now forced 
into cohabitation in the dwindled desert waters and have hybridised so 
prolifically that 8 per cent of the total minnow population of the Mohave 
River system is now composed of intcrgcmc^ric hybrids, or of subspecific 
intergrades — depending on judgment. Piobably on somewhat similar 
grounds the blind cave characin of Mexico, AnoiAichihys jonianiy has 
interbred with its ancestral type, Astyanax fa^ciatuH tnexicamis^ to pro- 
duce a complete series of what may with (*qual propnety Ix' called inter- 
generic hybrids or subspecific inU'rgrades. Our exU»nsive researches 
into both phenomena have failed to disclose any essential or consistent 
distinction between subspecific intergradation and inU^rspecific hy- 
bridization. 

It is p)erhaps unfortunate for an ord(*rly taxonomy, 'r for a pretty 
scheme of speciation, that tlie systematic situation is so complex. But 
neither in detailed taxonomic treatment nor in gen<’ral spiKiiational 
theory should we forget the true situation. Arbitrary decisions must 
often be made, to meet the demands of the Linnaean system of zixdogical 
nomenclature, but it is bad science to deny that the decisions are arbi- 
trary. Neither conventionalia*d views noi subjcxjtive subterfuges 
whether by the old-line systematist or by the modem sjKH*iationist — can 
transcend the facts, or create a simple '‘correct’' system of taxonomy or a 
simple theory of speciation out of a situation that is inherently complex. 
Evolution has been and remains at work. 

There appear to be nr> objecuve criteria for genera. 




LOWER CATEGORIES IN HERPETOLOGY 

By 

Emmett Reid Dunn 
Haoerford Ct^lege, Haver/ordf Pennayhfanta 

The consideration of lower categories in herpetology may Ik* of gf.*neral 
interest because of peculiarities of some of the groups. I'hese are * some 
life histories which differ considerably l)etwoen closely related fonns, and 
which are observable and open to experimentation from beginning to 
end; relative ease of field observation and collection; relative eas(' of 
maintenance in the laboratory. 

As a herpetologist I agree with, and have little to add to, the very con- 
siderable body of general considerations on lower categories which has 
recently been put forth in print (and to which I myst'lf have contributed). 
Thus, I am in agreement with the following notions, which I shall not 
at this time labor to support: genera are matters of opinion, j)ersonaI ar- 
rangements of species; species are “distinct s(*lf-peri)etuating units/* 
'^dishneia propagatio ex seviine” discontinuous from other species; sub- 
species (or races) are populations within a species, as many as may be 
considered easily recognizable; varieties are minority <*lements in a^popu- 
lation; individuals are the elements of which varietie' subspecies and 
species are composed. 

The characters, presumably genetic, which differentiate these cate- 
gories morphologically (and physiologically) an* all of the same status. 
There is no distinction lx*tween individual, varietal, sulisjx*cific, specific, 
and generic characters. Relative constancy of characters differs widely 
from group to group but, reflecting, as it presumably does, the genetic 
makeup of any group, a constant charact(*r for a group is inevitably uHtni 
as a diagnostic character 

We postulate some form or forms of isolating nu'chanism as a historical 
factor in attempting to account for races (incomplete isolation) and 
species (complete isolation), l^o such factor is postulated for varieties. 
We find the most common form to lx* spatial (geographical) — sometimes 
mere distance, more often distance plus difference in nature of surround- 
ings (organic as well as inorganic), very oft^n distance plus difference 
plus some sort of barrier. Ecological, t<*mporal, and physical iholating 
mechanisms have also b€*en suggested for some cases in herjxstology , and 
physiological, psychological, and genetic isolating m€*chanisms may well 
exist. 
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Study of herpetology leads me to the generally accepted opinion that 
descent with modification has taken place in a rather uniform manner, 
and that the lower categories have come to differ by essentially the same 
method: gradual replacement of one genetic characteristic by another. 
No evidence of a distinction between microevolution and macroevolution 
is evident. The supposed distinction seems to me to rest largely on cer- 
tain characters being considered as of a higher status than others, a view 
which I do not share. I would agree, however, that evolution by geo- 
graphic isolation, not involving much change in the selectional value of 
hereditary characters, is very common, and might be termed “micro- 
evolution,'^ whereas evolution by ecologic isolation, involving consider- 
able change in the selectional value of hereditary characters is rather 
rare, and might be termed “macroevolution." Both sorts are known to 
me “i/i statu nascendi^’ from herpetological examples, and I find no signi- 
ficant differences between the two. 

I shall consider species first, then varieties, then subspecies, and lastly 
genera. 


SPECIES 

There has recently l)een a suggestion that the old “disfmcto propagatio 
ex semtne'^ criterion for a species, “a distinct self-perpetuating unit," a 
enterion which is perhaps subjective but which is certainly based on field 
observation, should be replaced by a more objective, genetic, and experi- 
mental critenon, a enterion which lays less stress (if any) on field ob- 
servation. 

This new enterion of specific status, incapacity of two forms to breed 
together or mutual infertility, while logical and objective, may be criti- 
cized by the practical taxonomist (a) because it is usually impossible to 
apply it to the matenal with which he has to deal; (b) because in many 
animals actual discontinuity of breeding may occur long before mutual 
infertility sets in and the criterion if strictly applied would mean that 
many naturally "distinct self-perpetuating units" would be lumped by 
it; (c) l)ecau8e cases ait‘ known in which two populations of what is 
demonstrably the same species may manifest actual discontinuity of 
breeding and act toward each other as two species. 

The axolotl {Siredon mexteanum) and the vetasci race of Ambystoma 
itgrtnum show no intergradation in nature; they live or did live in the 
same body of water; in nature they are distinct species, but they are not 
mutually infertile 

In the French Broad Valley and in a valley in the Smokies, Desmo^ 
gruUhus /uaens intergrades with Z>. caroltnenais. The intergrading rela- 
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tionship between carolinensts and ochrophaeus is so close that opinions 
differ as to the boundary between the two. In New York State/ uscua and 
ochrophaeris are for practical purposes two distinct species. This is a 
chain of only three links; the middle link intergrades with each of the 
two ends, but the two ends overlap each other without any indication of 
intergradation or interbreeding. 

VARIETIES 

The distinctness of self-perpetuating units is partly a matter for 
morphological observation, the presence or absence of inU^rmediate 
characters, the presence or abscnct of intermediate individuals. A con- 
siderable number of eases cannot lx* settled on grounds of morphology 
alone, the phenomenon of non-continuous variation necessitating bio- 
logical observation. (Theoretically it may lx* maintained that all varia- 
tion is discontinuous, but practically the* distinction betw<*en continuous 
and discontinuous variation is eminently sound.) Most herpctological 
species exist in two varieties, morphologically distinct , and l)et wci'ii which 
there arc no intergrades. I allude to the two sexes. These* two varie- 
ties, distinct as they usually are, can lx* relegat(*d to the same species on 
grounds of biological observation. In some cases w(* know something 
of the genetic basis by which these two varieties are maintained in ap- 
proximately equal numlx»r8 in the population. ^ 

In 1818 Green described two species of salamandr'rs of the genus 
Plethodon from New Jersey, naming a dark foim cinerem and a redbacked 
form erythronotus. On morphology' alont* his action is still justifiable. 
There is an absence of intergradation (discontinuity), and while the two 
usually coexist in approximately equal numlx‘rs, such is by no means 
always the case. It is true that Tschudi in 18il8 expressed the opinion 
that the two were conspecific, and that most herpetologists followed his 
lead, but the fact that the two belonged to the same self-perpetuating unit 
was first proven by biological observation by Burger in 1935. 

As in this instance, most cases of discontinuous variation involving 
only a single pair of contrasting charactei^ have lx‘en dealt with by as- 
sumption. Cases in which irorc than one pair is involved may occur. 
Thus the North American snake, C knout us funcvn, either occurs in four 
varieties or else there are four species. There is no intergradation and 
no correlation of variation with age or sex. .The snake may be black or 
spotted, the anal plate may be single or double. All possible combina- 
tions of these variations occur. This snake is utterly unlike anything 
else in North America. I solve this problem by considering the four 
morphological types as varieties, but until biological proof is produced 1 
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cannot defend my solution against anyone who chooses to consider them 
four species. 

Smith has recently described a Central American snake of the genus 
Dendrophidion in which two quite distinct counts of tail vertebrae seem 
correlated, one with a single, and the other with a double, anal. He con- 
siders them distinct species, and on purely morphological evidence he 
is right. They are distinct. But there is no biological evidence at all. 
The two have the same range and occur together, and could be con- 
sidered as conspecific, linkage of two genes, or two effects of a single gene 
change resulting in two distinct varieties within the same species. 

Ceases such as these are of the highest general interest and merit genetic 
study, as well as more field observation. Surely the means whereby the 
two different forms of Plethodon cinereus are maintained in nature in ap- 
proximately equal numliers could \ye investigated. 

SUBSPECIES 

Within the theoretical (often actual) continuity of breeding individuals 
of the species, local differences may occur in the incidence of certain 
characteristics. These differences may differentiate two or more races 
(subspecies) within the species. There are two criteria generally applied 
to such cases. One is intergradation. It is characteristic of subspecies 
that some individuals cannot be properly allocated because : (a) they have 
intermediate charactiTs; or (b) exist outside the main area of their type. 
Tlie second criterion is the amount of the local incidence of the traits. 
It is generally held that at least 75 per cent of the individuals in a given 
area must Ih* distinguishable from those in other areas of a species range 
to make it worth while to recognisse a subspecies. The majority of such 
situations are spatial (geographical). A few diagrams may show the 
most common cases. The delimited rectangles of the diagrams may be 
thought of as al>solutely separated islands; as land areas separated by 
some more or less impassable barrier; as land areas in complete continuity 
one with another. The letter A and the letter B each represent a kind of 
animal, the former differing from the latter by one or more characters. 
The combination AB repi'esents animals which, in themselves, combine 
some of the traits of A and some of the traits of B, or have traits inter- 
mediate between those of the two extremes. The numerical figures are 
wholly hypothetical, for purposes of illustration, but quite similar figures 
could be produced for actual cases. 

1. Intermediate individuals existent; variation continuous; or varia- 
tion dieoontinuous and uncorrelated (shufiBing). 



DUNN: WWBR CATEGORIES IN HERPETOLOGY 


127 


b. 


A AB 10 

100 B 90 


d. 

A 90 A 5 

AB 5 AB 5 

B 5 B 90 

2. No intermediate individualH. variation discontinuous 
a. b. 

A 100 A 50 B 100 A 100 A 10 A 90 A 10 

B 50 B 90 B 10 B 90 


a. 


A 

A 

AB 

B 

B 

100 

5 

90 

5 

100 


c. 


A 90 AB 10 

AB 10 B 90 


I have diagrammed seven possible cases of a spi^cies with two vicarious 
races. Diagram l,a represents the most common situation. I do not 
suppose that I have exhausted the possible situations [>ut I have in- 
cluded more than arc usually recognized, many systematists having re- 
fused to consider any but 1 ,a. 

A species may include many more than two vicarious races. In such 
cases the line of races may curve and the two ends mcKit. Intergradation 
between the two ends may occur as the term “Fonnenkreis*' implies. 
Just as frequently, the two ends may not intergrade, but act as separate 
species toward each other. I have already mentioned a case of this in 
Deamognathus, in a chain containing only three links. It is even possible 
that there may be more than one meeting of links; the “Formenkreis” 
may be a “Formenhelix.” It is possible to think of the amphibian genus 
Caeciha as a chain of forms containing 16 links; a (diain so twisted on it- 
self that as many as five links may overlap. Heix* the “circle of forms'’ 
would be a “spiral of forms with five turns.” Certainly five forms of 
Caeciha may occur toge^h<'r without local intergradation. This is true 
in western Ecuador, for which I give figures, the first column of which is 
the mean of the total number of lx>dy segments, the second the mean of 
the number of body segments (posterior) with bony scales, the third the 
mean of the ratios of length to diameter. 1 know of forms inter- 
mediate between each of these five. These forms exist outside of west- 
ern Ecuador. I have been studying this genus and accumulating 
data on it for some 14 years. As specimens have come in (324 at 
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p rct c ot), gape between fonna have been filling up, but it is ever more clear 
that several distinct forms inhabit any given area. I can predict with 
eoiiftdence that with double the present material Caecilia would be a 
monotypic genus, with 16 races, as many as five of which might occur 
together and remain distinct. 


Caecilia of western Ecuador 


guniheri 

118 

8 

31 

dunni 

123 

38 

41 

nigricans 

168 

46 

56 

pachynema 

170 

3 

64 

bassUri 

228 

20 

123 


Gradual and regular alterations in characters within a species from 
one area to another have long been known and have recently been called 
“dines. 'Fhese have always been a source of difficulty in systematic 
work and have always been suspected of being not genetic but environ- 
mental. Treated diagrammatically they agree liest with diagram l,a 
above. Treated taxonomically, it would be better to recognize only the 
two ends of the series as subspecies and to treat the entire group of inter- 
mediates as intergrades and leave them unnamed. Unfortunately in 
actual practice wc seldom meet with a dine without previous taxonomic 
treatment, and often some one of the middle group has been named; 
thus it may be necessary to recognize the middle as well as the two ends 
as subspecies. 


Isolating Mechanisms 

In cases of geographical subspecies the isolating mechanism is probably 
sheer distance, plus whatever selectional effect may result from different 
conditions in different areas. 

In ecological subspecies there would be some spatial separation, and a 
strong selectional effect resulting from the different conditions in different 
habitats. The best case I know for further investigation is the relation- 
ship between Demiognathus fuecun and D. carohnenmsy salamanders of 
the southern Blue Ridge. This case was mentiom^l previously. It has 
the double interest of being an ecological subspecich in statu nascendif 
and of being two links in a chain of three forms of which the two ends 
(D. fuecue and J). achraphaeus of the Appalachian Plateau) seem com- 
pletely distinct from each other. 

I mention, parenthetically, another interesting case in the same genus 
and in the same rfiion. Tl^ is the ‘*imiuaar** variety of D. carolinenm, 
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which seems to differ from carolinensis two genetic factors, and which 
occurs only in the Great Smokies within the range of Plethodm jordani 
which it resembles exactly in color. This is the only known case of 
possible ‘‘mimicry^’ in Amphibia and deserves further investigation. 

A case of physical isolating mechanism may be the dwarf Desmognathun 
wrightif occurring entirely within the range of D. carolinerma, and ap- 
parently derived from it. This may be an example of specific isolation 
ab initio. If the dwarfing took place at a single step, as is not impossible 
or unlikely, it is highly improbable that the derivative would be able to 
mate with the parent form, and would be able to mate only with similar 
dwarf mutants. Thus a dominant mutant of this sort would almost cer- 
tainly never reproduce, but a double recessive mutant of this sort would 
occur with others in the same brood and some possibility of mating 
would be given. 

The recent work of A. P. Blair on mechanisms of hybridization and 
isolation in toads and in tree-frogs is an excellent example of work along 
these lines, bringing out indications of ecological, temporal, psychological, 
and physiological mechanisms. There is a puzzHng condition in New 
Jersey swamp frogs, Paeudacna, segregation of individuals into two sets 
with different calls having l)een olwc^rved at Moorestown. There is 
seasonal overlap but some 8<'a8onal difference lKdww*n th(' two voices; 
there is a slight difference in marking l)etween the individuals correspond- 
ing to the two voices; but the striking thing was the mark‘»d separation of 
the breeding individuals in nature, one type of voice not emanating at all 
from the area of the other and vice versa. 

GENERA 

The arrangement of the discrete unit groups (spc^cies) into higher 
categories is done on a basis of morphological similarity. TLk original 
purpose was to afford a convenient classificatory basis as an aiil in 
identification and in reference. Since 1858 the arrangement has en- 
deavored to convey implications of relationship. These two considera- 
tions, convenience and relationship, are, or should lie considerc'd to be, 
the criteria of genera. There have lieen attempts from time to time to 
set up more objective criteria, usually morphological. To the herpetolo- 
gist, Cope’s attempts along this line are well known, at least by results. 
Cope was frank to admit that such criteria, strictly applied, might pro- 
duce groupings which indicate particular morphological categories, 
rather than groups of related s|>ecieR. The erratic variability of char- 
acters is the great objection to such criteria for genera. The loreal plate 
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18 characteristic of many snake genera, its absence is equally character- 
kitic of many other snake genera (almost so of the family Elapidae), but 
I cannot see that the type of Synchaltnua coraUmdea Cope from Costa 
Rica is an 3 ^hing but a young specimen of Paeuatea poectlonotuaf which, as 
an individual variation, lacks this plate. 

The smallest supraspecific group possible would include a single 
species (^Tomu^nkreis*’) with its races (if any), a monotypic genus. 
Such groupings may be necessary at times; they emphasize the differences 
of the group from other groups, but as they do not indicate the relation- 
ship of the species with any other species, they tend to defeat the original 
purpose of binomial nomenclature. No criteria sanction placing races 
of the same species in different genera. 

The second smallest grouping would be a “supraspecies’^ or “Arten- 
kreis,'^ a series of vicarious forms, some distinct and some intergrading, 
morphologically and ecologically similar, and manifestly of common 
origin. It should seem obvious that by the criteria of relationship and 
of convenience members of the same “Artenkreis” should be members of 
the same genus. Yet the monotypic genus ScUamandrella is still current 
usage for one aberrant member of the Asiatic mainland Hynobiuaf and 
the monotypic Trojndoclomm for an aberrant member of the Thamnophia 
elegana ‘^Artenkreis.^^ 

Under the heading of convenience the matter of ease and certainty of 
generic allocation is important. There are numerous herpetological 
^‘species” which would never have been described had not fallacious and 
difficult generic ‘ Characters' ^ been overemphasized. One needs only to 
mention the grooving on the hind teeth of snakes, or the shape of the 
tentacular aperture in caecilians. 

Also under convenience might be considered the practical value of a 
group name for forms which are ecologically similar, and which are re- 
lated or similar morphologically. ‘Tormenkreise'’ and ‘‘Artenkreise'^ 
are such groups almost by definition, but many more complex groupings 
than these exist in nature. Since a marked difference in ecological status 
usually entails a marked morphological change, the herpetological genus 
of best current practice, although based on morphology, also expresses 
the ecology. 

Generic names are of vi^ if and when they are useful. Utility 
means that the species incli|ied: (1) are related, (2) are easily and obvi- 
ously a^Mirable from species of other genera, and (3) are similar ecologic- 
ally. Problems arise when transitional species exist, as they often do. 
These, tcTour embarrassment, prevent easy and convenient diagnosis of 
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supraspecific groups. It might iye preferable to refer to such connected 
groups of species as sections of genera. To name them as genera is to 
confer on them an aura of distinctness and separateness which they actu- 
ally lack; to name them as subgenera is to add unnecessarily to the 
nomenclature and give a temptation to a later and perhaps less well in- 
formed student to raise them to generic rank. 




CRITERIA OF SUBSPECIES, SPECIES AND 
GENERA IN ORNITHOLOGY* 

By 

Ernbt Mayr 

The AmeruxLU Mwseum of N<Uural Htotory, Ntw York, N 1'. 

It i« an impossible task to give an adequak* discussion of the criteria 
of subspecies, species and genera in the short time of 15 minutes. So 
let us lose no time in preliminaries but start immediately with the dis- 
cussion of species, which after all is the most important of all taxonomic 
categories. The species concept has become increasingly confused in 
recent years by the application of rigid and arbitrary criteria. Some 
authors determine the status of a natural population with the help of 
genetic criteria; others, through morphological criteria, such as lack of 
intergradation or degree of morphological dilTerencc; still others, on the 
basis of diminishing fertility. In determining whether or not such 
criteria arc valid, we must go back to the fundamentals of the species 
concept. Let us first ask: What is a species? 

The species concept is almost as old as mankind itself. I once Hj)ent 
several months with a primitive tribe of Papuans in the interior of New 
Guinea and found that these people had a different vernacular name for 
nearly every species of bird occurring in their t iritory. What thest* 
natives distinguish as different kinds of birds corresponds exactly to the 
species of the taxonomist. The same is true for our local birds. The 
field naturalist recognizes, for example, five kinds of thrushw of the genus 
Hylocichla in the American Northeast the wood-thrush, veery, hermit 
thru.sh, gray-cheeked thrush and olive-bac’ked thrush Their ranges 
overlap broadly; in fact, up to three of these kinds of birds may nest in 
the same woods, but no intermediates or hybrids are known. Further- 
more, these five 8i>«‘cie8 differ in their songs, courtship habits, nwts, 
migratory habits and about every other attribute that has l>een studied 
carefully. Local populations within any of these five species are inters 
breeding, but each of the five units is completely separated from the 
others; it is reproductively isolated, m the terminology of the modem 
biologist. And thus we have arrived at two of the basic crit<*ria, in 
fact, at the two basic criteria of species first, inkrbreeding of the local 
populations l^longing to the species; second, reproductive isolation of 
those populations which do not lielong to the same species. 

•A mom dtUUed survey of thw field » preeented in Ibe author 's book. "Sy»te»*tic* nod the Ongto of 
Speeief" (ColumbU Univeraity Preu) 
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Ait^r the museum taxonomist obtained specimens of what the field 
naturalist recognised as species, he discovered that each of these inter- 
breeding units, called species, showed certain morphological character- 
istics which permitted the easy identification of dead specimens. These 
characteristics, the so-called taxonomic characters, gained an ever in- 
creasing importance, particularly when it concerned the classification of 
specimens from countries or systematic groups about which field natural- 
ists were unable to provide pertinent data. Eventually most taxono- 
mists forgot that species were aggregates of living organisms; they forgot 
that in the museum they were dealing merely with dead samples of the 
true species of nature, and one of the consequences of this working tech- 
nique of the taxonomist was that the taxonomic character advanced 
from a convenient handle in practical work to the level of an absolute 
criterion, llie conclusion, “the level of reproductive isolation — that is, 
the species level — is associatc^d with certain morphological differences,'^ 
was reversed to read* “a certain degree of morphological difference proves 
reproductive isolation — that is, it proves specific difference.” This con- 
clusion is one of the moat famous fallacies of logic. The ancient Greekb 
illustrated it in the form of a so-called “vicious syllogism”. 

( 1 ) Birds have two legs. 

(2) Man has two legs. 

(3) Therefore, man is a bird. 

In our case the fallacious syllogism reads* 

(1) Forms that are known to lie good species aie separated by morpho- 
logical gaps. 

(2) Forms A and B, whose specific status is in doubt, are separated by 
a morphological gap. 

(3) Therefore, A and B are good species. 

This, of course, is true only in some cases, not in others. The ab- 
surdity of the strictly morphological criterion would become perfectly 
evident if we were to apply it to males and females in st'xually dimorphic 
species, or if we were to recognize larval or immature stages as separate 
species or give specific rank to the various forms of a polymorphic species. 
As a matter of fact many “species” of the taxonomic literature have 
turned out to be nothing but such intraspecific variants. However, as 
soon as it was proven that they interbreed with other variants, they were 
deprived of their specific rank, even though they remained separated from 
each other by clear-cut, unbridged gaps in morphological characters. 
To repeat once* more, in a given locality the criterion of interbreeding 
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versus reproductive isolation will permit us to determine, in nearly all 
cases, which individuals belong to one ‘species and which to another. 
Morphological differences are of practical convenience, but not a primary 
criterion. 

What is true for contiguous individuals — Poulton calls them sym- 
poiric individuals or species — is equally true for those that do not occur 
in the same geographical districts, the so-called allopatric forms. No 
degree of morphological distinctness is in itself proof of specific distinct- 
ness. The probability of reproductive isolation is the primary criterion. 
To emphasize this point is important, because the degree of reproductive 
isolation of a geographically isolated form is not necessarily correlated 
with the degree of morphological distinctness, nor is the degree of 
morphological distinctness necessarily a good index of genetic distinct- 
ness. A single gene difference may produce a phenotypic difference 
which might cause some taxonomists to call the population carrying it a 
different species. This consideration again leads us to the inevitable 
conclusion that a species concept, based primarily on the criterion of 
morphological distinctness or of a gap in morphological characters, is 
invalid. 

Please do not misunderstand me. I am not demolishing the morpho- 
logical species concept merely because I enjoy being an iconoclast. No, 
I attack it because I consider it contrary to the fundamental concept of 
species. But, you will ask me, how should we treat geographically iso- 
lated populations? Should we follow Kleinschmidt ariit call all of them 
subspecies? Such a procedure would have the advantage of consistency, 
but actually it is just as unscientific as calling all morphologically sepa- 
rated populations 8f)ecies, because there is little doubt that many of these 
isolated populations have already reached the species level. But how 
shall we decide whether or not these allopatric forms are species? 

A complete analysis, including experiments on mating preference and a 
cytological examination of possible hybrids, is required in order to reach 
a satisfactory decision. To make such a painstaking analysis is out of 
the question in practically all the cases which interest the taxonomist. 
The taxonomist is forced, in most cases, to determine the status of a 
geographically isolated population by indirect methods. Reproductive 
isolation is correlated with a certain degree of morphological difference, 
which is rather typical for any given genus. ^ It is very small in the fly- 
catcher genus Empidonax or ig Hie mosquito genua Anopheles^ but extraor- 
dinarily large among the birds of paradise. If we want to determine 
the taxonomic status of a geographically isolated population, we must 
first study all the species of the genus to which this population belongs, 
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and ihe specien of related genera. In this manner we can work out a 
Mcide of differences between unquestionably valid species and between 
unquestionable subspecies* The status of the doubtful population will 
have to be decided by inference. 

In conclusion I might say that the species concept, as just set forth by 
me, is by no means endorsed by all ornithologists. Many of them con- 
sider, for example, the yellow-shafted and the red-shafted flicker, or the 
Oregon and the eastern juneo as separate species, even though individuals 
of the respective forms seem to interbreed indiscriminately wherever 
they come into geographical contact. A proponent of a biological species 
concept has no choice but to consider such completely interbreeding forms 
as conspecific. St» much for the species. 

llie Hub^penes is composed of a group of local populations and can be 
distinguished from other such groups by one or several taxonomic 
characters. There are three principal difficulties involved in the recog- 
nition of sul>H|>eci(w. 

(1) //<w’ can it be detennined whether an isolated population is a sub- 
species or a species? This question was just discussed in regard to the 
species and no further comments are needed. 

(2) Is the geographical race the only kind of subspecies? Invertebrate 
and plant taxonomists rt'cognixe ecological races. Recent research 
indicates that some of these so-calliKl “races’^ are purely phenotypical, 
while others an* microgeographical races No such ecological races of 
birds have lieen d<»scril)ed. It might lie emphasized, howevei , that every 
geographical race owes a great-er or smaller proportion of its character- 
istics to the selective influences of the particular local environment. 
Every geographical race is, thus, to a greater or lesser degree also an 
ecological race. In some cases, as for example on black lava flows, 
geographical races develop which owe their most conspicuous (and often 
only) taxonomic character to the selective qualities of this particular 
habitat. I see little advantage in calling such fonns ecological races 
rather than geographical races, because each of these races has many 
characteristics which are not the result of local selective factors. It will 
be the task of the student of plants and invertebrates to determine 
whether or not it is possible to recognize the ecological race as something 
quite distinct from the geographical race. One point should not be 
overlooked in such an analycds. Whenever two ecologically differen- 
tiated races overlap in the same locality, a careful analysis of the situa- 
tion usually shows that this is a secondary condition and that the original 
ecological difference developed during a preceding geographical isolation; 
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that is, the race was a geographical race before it became an ecological 
race. 

(3) The third difficulty in recognition of the subspecies can be ex- 
pressed in the question : How can subspecies be deUmtted from each other 
in continuous populations? Subspecies borders are generally drawn 
where there is a distributional gap, or a change of environment, or a sig- 
nificant change in the taxonomic characters of the continuous popula- 
tions. A detailed analysis of the populaitions near subspecies borders 
shows in many cases that the change from one subspecies into the next is 
so gradual that the placing of these borders is left to an arbitrary deci- 
sion. In other caaes equally arbitrary decisions must be made concern- 
ing the degree of difference lx*tween two groups of populations which is 
to be considered sufficient for separation of subspecies. There are 
splitters and lumpers. In general it is stated, in the ornithological 
literature, that 75 per cent of the individuals of one race.must be clearly 
separable from all the individuals of the other race. This is a very un- 
satisfactory method of handling the problem, since the status of many 
subspecies changes with the increase in number of collected specimens. 
A way should be found to express the necessary degree of distinctness in 
more absolute terms, such as standard deviations. Beginnings are being 
made along these lines, but they have not yet found their way into the 
taxonomy of birds. 

And now for th(» genus f liecent historic research has proven con- 
clusively that the genus of Linnaeus and his foreninnei* goes back to an 
equivalent concept of folk-lore. Tl'here was a concept ^‘oak,” bc^fore there 
was a genus Quercus, and a concept “finch” or “thrush,” before there 
were any such genera as FnngiUa and Turd us. Up to this point the 
genus presents a parallel case to the species. However, whereas the 
species of Linnaeus, in the great majority of the cases, still corresponds 
to the species of today, the genus of linnaeus only rarelj'^ d(w»8 so. In 
most cases it is now equivalent to a subfamily, a family, or even an order. 
There is little argument among contemporary ornithologists concerning 
the delimitation of species, but the divergence of opinion in regard to 
the genus is tremendous. The genus of such splitters as Mathews, 
Roberts and Obcrholser has little in common with the genus of lumpers 
as represented by Stresemann, Peters and Mayr, to mention some of the 
contemporary ornithologists. Let us illusti^te the difference between 
splitters and lumpers by examining a part of a phylogenetic tree. 

Let us assume we have two phylogenetic branches, A and B. Branch 
A again will break up into four or five twigs and twiglets. Both lumper 
and splitter agree that all the twigs on branch A arv derived from a com- 
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mon ancestor; they also agree that there is a definite gap between A and 
B, and that all the species of A have certain characters that distinguish 
them from all the species on B. However, the splitter will emphasize 
the reality of the little gaps between the twigs on branch A, while the 
lumper will contend that the recognition in nomenclature of all minor 
gaps will olwcure rather than clarify the true relationships and the basic 
pattern of classification. 

We now must ask, what are generic criteria? 

It is perhaps not always realized or at least not kept in mind that sub- 
Kpecics, species and genus differ from all other systematic categories by 
being the only ones that art‘ mentioned in the scientific name of an indi- 
vidual animal, 'fhe significance of this nomenclature must therefore be 
examined if we want to consider the status of the categories which they 
represent. Wo can eliminate the subspecies from our dLscussion, since 
what is true for the 8i>ecie» is also true for the subspecies, and concen- 
trate on gemuh and species, lliere is a fundamental difference between 
these two categories. The species is an individual unit; the species 
name lhere»fore emphasizes distinctness. 

The genus, on the other hand, is a collective unit and the joint appli- 
cation of the same generic name to a numlxT of sjK'cies indicates thf»ir 
similarity or rc^latioiiship. The functions of the two comix)nents of the 
scientific name as proix)Hed by Linnaeus are therefore diamt^trieally 
opposite. The sfXH'ies naim* signifies singularity and distinetness, the 
generie name implies the existence of a group of similar or related units. 
This ilifferenee in the functions of siK'ciea and genus names is completely 
ignored by many rc'cent taxonomist.8, particularly the so-called generic 
splitters. If is their aim to express difference not only in the specific, 
but also in tin* generic name. This tendency, if carried to its logical 
extreme, leads to uninomialism, and some of the leading generie splitters 
have oi)enly or in a veiled form endora^ni this principle of nomenclature. 
To me it seems to indicate a complete misunderstanding of the principle 
of hinomiul nomenclature, if somebody uses the gc*neric name primarily 
to cxprc'SH diffenmee. This is the function of the sptTies name. The 
gtmeric name was introduced by Linnaeus into nomenclature in order to 
relieve the memory’ and this should remain its principal function. 
Wherever tlie genus becomes too small, it 1oh€*s its usefulness. 

The splitting fever has played havoc in bird taxonomy. We have now 
more than 10,000 generic names for an estimated 8500 species of birds. 
Even conservative authors admit 2600 genera, which amounts to only 
iJKI species iier genus of birds. An average of five species per genus 
would bring the number of bird genera down to about 1700, which would 
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be within the capacity of the memoiy of a single human individual. 
The trend toward larger genera has bwn unmistakable in ornithology 
and it has been accelerating in recent years. I do not know of a single 
younger author who could l)e classed as a generic splitter. 

The genus should contain groups of similar species — that is, species 
which we consider related - hut so far as I know nolK)dy has ever found 
an objective criterion of the genus. Personally, I like l)est a genus defini- 
tion which is based on honest admission of the subjective nature of this 
unit. It may not be possible to go much beyond the definition of the 
entomologist Thorpe who said: “The genus, to l)e a convenient category 
in taxonomy, must in general Ik* neither too large nor too small.'* A 
more comprehensive d(»finition would l)e: “A genus is a systematic unit 
including one si)ecies or a group of sijecies, presumably of common phylo- 
genetic origin, which is separated from othc*r similar units by a decided 
gap. It is demand(‘d foi* practical reasons that the size of the gap l)e in 
inverse rt‘lation to the size of the unit.” This latter qualification will 
prevent the recognition of many monotypic genera. 

We can summarize this discussion as follows: The taxonomic cat€‘gory 
of the g(*iius is basc'd on the fact that K|K‘ci<*s arc* not (*venly distinct from 
one another, l)ut are arranged in smaller or largt‘r groups, separated by 
smaller or larger gaps. Recognition of the genus is, therefore, based on 
a natural phenomenon. How" many of such groups are to Ihj included in 
one genus and how the genus should Ik* delimited from other genera are 
matt(*rs of conveni(*nc(’ left to the judgment of the individual syst,(»matist. 
Taxonomic characters that prove generic distinctness do not (‘xist. 
Taxonomic literature could have lK*en spared many unnec(*ssary generic 
names if the taxonomists had kept in mind Linnaeus’ warning: ‘"The 
characters do not make the genus, but the gc*nus gives the* characters.” 

One more wonl in conclusion — all taxonomic categories **r(* collective 
units. The subsjx'cies, the species and the genus all consist of groups of 
unequal components : the subspecies of local populations, the sp<*cie8 of 
local populations and subspecies, the genus of more or less distinct species. 
Those authors who try to obtain homogeneous units by splitting them 
down to their last elements are not only bound to fail in their endeavor, 
but they also obscure the basic relationships. 




CRITERIA FOR VERTEBRATE SUBSPECIES, 
SPECIES AND GENERA: THE MAMMALS 


By 

E. Raymond Hall 
Univeratty of Caltfomta, Berkeley ^ Calif omia 

Mr. Chairman, members of the American Society of Ichthyologists and 
Herpetologists, members of the American Society of Mammalogists, and 
guests: We had expected as a speaker at this time one of the senior 
mammalogists who now is unable to attend. 1 am glad to appear as a 
substitute because the subject under discussion is one in which I am 
especially interested. In these extemporaneous remarks I propose: (1) 
to indicate some steps which I think useful to take in' classifying mam- 
malian specimens as to subspecies; (2) to express my personal views 
as to criteria for subspecies, species, and genera of mammals; (3) to 
illustrate how some of these criteria for subspecies and species may be 
applied to closely related insular kinds of mammals; and (4) to suggest 
a way in which subspecies may disappear without becoming extinct. 

When I undertake to classify mammalian specimens as to subspecies 
or species, or when I present a series to a beginning student for classifica- 
tion, I like to observe the following steps- (a) select for initial, intensive 
study a large series, 30 or more individuals, from one restricted locality ; 
(b) segregate these by sex; (c) arrange specimens of each sex from oldest 
to youngest; (d) divide these into age-groups and within a given group, 
of one sex, from one locality, of what is judged to be one sp<‘Cies, measure 
the amount of so-called individual variation ; (o) with this measurement 
as a ^‘yardstick,” compare individuals, and if possible series, comparable 
as to sex and age (and seasons where characteristics of the pelage are 
involved) from this and other localities. The differences found arc 
usually properly designated as geographic variations and form the basis 
for recognition of subspecies, which in turn comprise one of the tools used 
by some students of geographic variation. 

As to criteria for the recognition of genera, species and subspecies of 
mammals, it seems to me that if crossbreeding occurs freely in nature 
where the geographic ranges of two kinds of mammals meet, the two 
kinds should be treated as subspecies of one species. If at thjs and all 
other places where the ranges of the two kinds meet or overlap, no cross- 
bleeding occurs, then the two kinds are to be regarded as two distinct, 
full species. The concept of a species, therefore, is relatively clear-cut 
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and precise; the species is a definite entity. Furthermore, if a zoologist 
knows the morphological characteristics diagnostic of the species, he has 
no difficulty in identifying a particular individual as of one species or 
another. In identification of subspecies, difficulty is frequently en- 
countered, especially with individuals which originate in an area of 
intergradation. 

The category next higher than the species, namely, the genus, is less 
definite and more subjective as regards its limits than is the species. As 
the species is the definite, clear-cut starting point for defining subspecies, 
the species is likewise the starting point for consideration of genera. 
Degree of difference is the criterion for a genus. The genus lies about 
midway Ijetween the species and the family. Because the limits of the 
family, like those of the genus, are subjective, it follows that the criterion 
fur recognition of genera, although precise enough at the lower point of 
1 beginning, the species, is elastic at the upper end — namely, at the level 
of the family. 

In summary, the criterion for sulwpeciea is intergradation, that for 
species is lack of intergradation, and that for genera is degree of difference. 
These ideas agree in general with the ideas expressed by th(‘ previous 
speakers. 

One of the situations in which it is difficult, or impossible, to apply 
thew* criteria to conditions actually existing in nature is comprised in 
some insular populations. JYequently the populations on two islands 
near each other differ enough to warrant subspecific or possibly specific 
distinction. A means of deciding on specific versus subsp<»cific status for 
these populations is to find on the adjacent mainland a continuously dis- 
tributed, related kind of mammal which there breaks up into sulwpecies. 
Ascertain the degret* of difference lietween each pair of mainland sub- 
species which intergrade directly. If the maximum degree of difference 
between the insular kinds is greater than the difference l)etw(*en the two 
subspecies on the mainland, which intergrade directly, and greater than 
that lietween either insular kind and the related population on the nearby 
mainland, the two insular kinds may properly be treated as full species. 
If the maximum degree of difference between the insular kinds is no 
greater than, or less than, the difference found on the mainland between 
pairs of sulispecies which intergrade directly, the insular kinds may 
properly be treated as subspecies of one species. In fine, the criterion is 
degree of difference with the limitation of geographic adjacency, rather 
than intergradation or lack of it. 

Now to my fourth point, namely the suggestion that many subspecies 
disappear without becoming extinct. Permit me first to observe that 
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although species and subspecies seem to have the same kinds of dis- 
tinguishing characters, which appear 'to be inherited by means of essen- 
tially the same kimls of mechanisms in the gonn plasm, there are two 
noteworthy differences between species and subspecies. One already 
implied is that, in a species which is continually distribiited over a given 
area, its characters at the boundaries of its range are sharp, definite, and 
precise. Some of its characters comprised in size, shape and color, at 
any one place are either those of one species or instead unequivocally 
those of some other, whereas the characters of a subspecies, particularly 
at or near the place where two subspecies meet, more often than not are 
various combinations of those of the two subspecies and in many indi- 
vidual characters there is blending. 

Second, through a given epoch of geological time while a species is in 
existence, one or more of its subspecies may disappear and one or several 
new subspecies may ])e fonned. Subspecies, therefore, on the average 
are shorter-lived than siH»cies. 

Now the disappearance of subspecies is to be expected on a priori 
grounds if we suppose that new subs|x»cies are formed in every geological 
epoch. There is reason to lielieve that in the Pleiato(*ene, the epoch of 
time immediately preceding the Ri'cent, there w(*re even mon* spc^cies of 
mammals than there are now. In each of several successively corre- 
sponding periods of Tertiary time before the Pleistocene, probably there 
were as many species as now. Probably tof>, these 8|)ecie8 then were 
about as productive of subspecies as spc'cies are no>^. Had even half of 
these subsi>ecies persisted, either as subspecies unchanged or in con- 
siderable part by l)ecoming full 8f)ecies, there would now be an array of 
species and subspecies many times as numerous as actually does exist. 
It is obvious therefore that many disappeared. 

In accounting for this adju.stment of mimberH of kinds of mammals, I 
have spoken of the disappearance of subsp(*cies rather tha^i of their ex- 
tinction because I can imagine how a Hjiecies, say, the pocket gopher 
Thomofnys toumsendii, in the middle Pleistocene with three subspecies 
(geographic races) could have come down to the present by means of 
each of the three subspecies having gradually changi'd its characters into 
those of one of the three subspecies existing today in the area of northern 
Nevada that I have in mind. In this way, disappearance of subspecies 
living in the Pleistocene has lieen accomplished, without their having 
become extinct in the sense that the subspecies left no living descendants. 
Of course this haa to be true for some of the sub8pccit‘8 of each successively 
preceding epoch if any animals at all persist, but what I wish to empha- 
size is the strong probability that many, perhaps more than 50 per cent, 
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ditappeftred thus without actually becoming extinct, when, for example, 
two Aicceedve stages of the Pleistocene, south of the ice sheet, are con- 
sidered. In this regard it is pertinent to recall that each of three 
Pleistocene kinds of pocket gophers, Thomomys (probably species tal- 
poidea) gidleyi, Thomomya (probably species Untmaendti) vetua^ and 
Thatnomya (probably species hottae) acudderiy from a short distance over 
the northern boundary of Nevada, differs from living representatives cor- 
responding to it (several subspecies of one species) in greater width la- 
bially of the individual cheek teeth of the lower jaw. Significant for the 
thesis being defended is the point that each and all of these Thomomya in 
the Pleistocene differed, at least as regards the shape of the teeth, in the 
same way from the three living species which I feel confident are their 
descendants. 

Let us suppose that three hypothetical subspecies of Thomomya 
townaendii in middle Pleistocene time each gradually changed into three 
different subspecies inhabiting about the same areas in upper Pleistocene 
time, and that these in turn were the ancestors of the three subspecies 
living in those same general areas today. A total of nine kinds is thus 
accounted for. At any one time there was geographical intergradation, 
which has reference to horizontal direction. Also there was intergrada- 
tion up through time, which has reference for present purposes to a 
vertical din^ction. If I had before me all the material necessary to sub- 
stantiate this or a similar case, I would be inclined to recognize nine sub- 
species of one species. This hypothetical case emphasizes the import- 
ance of ixitcrgradation, the criterion for subspecies. 

In review: I have mentioned some preliminary steps useful for a person 
to take when he aims to analyze variation in mammals and to establish 
species and subspecies thereon; intergradation is the criterion for sub- 
species and degree of difference is the criterion for genera; degree of 
difference with the limitation of geographic adjacency may be used as 
the criterion for insular populations (the classification of which is doubt- 
ful as between subspecies and species); and, finally, I have sought to 
stress the importance of intergradation as a criterion for subspecies by 
showing how subspecies may disappear without becoming extinct. 



CRITERIA FOR GENERA, SPECIES, AND 
SUBSPECIES IN ZOOLOGY AND 
PALEOZOOLOGY 

By 

George Gaylord Simpson 
The American Museum of Natural History, Acu» York, N. Y. 

INTRODUCTION 

This paper does not present the consensus of vertebrate paleontolo- 
gists, nor is it confined to vertebrate paleontology. The criteria u^ed 
by various students, or by each of them at various times, for recognizing 
genera, species, and subspecies among fossil vertebrates are so diffcient 
that it would be a gigantic task to summarize them all and an impossible 
task to find among them procedures in universal use. It is certainly 
more practicable and it may be more useful to approach the problem more 
broadly and at the same time more individually. This study, then, 
presents an individual opinion as to the general principles that do or that 
should underlie the sc'lection and use of criteria for these* taxonomic 
categories. 

The viewpoint is paleozoological throughout and the differences be- 
tween paleozoological and neozoological problems and criteria are dis- 
cussed, but these two branches of zoology have much in common and a 
search for general principles cannot be confined to one branch. Al- 
though there is thus some invasion of the fields of other contributors to 
this symposium, it may be hoped that even here the difference of view- 
point will have some value and will prevent mere repetition. 

DEFINITIONS 
The Species 

The title of this symposium was deliberately chosen to avoid the direct 
question “What is a species?^ — a subject of such long, frequently futile, 
and sometimes acrimonious debate. The theme of the present discussion 
is not what genera, species, and subspecies, are in a theoretical sense, but 
how specialists in the different branches of vertebrate zoology should set 
about recognizing and delimiting such units in the practice of classifica- 
tion. The distinction is not merely verbal. One of the points that ^ 
want to emphasize is that the species in nature is something different 
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from the gpecies in classification. . It is, however, impossible to consider 
criteria for recognition of a taxonomic group without having a reasonably 
clear idea of the nature of such a group. Assuming, for the present, 
agreement with the belief that the species is the fundamental unit of 
classification, its nature may first be discussed and those of subspecies 
and genera may l)e related to the concept of species. Categorical state- 
ment is necessary for brevity and does not indicate lack of awareness of 
radically different opinions or unwillingness to grant validity to other 
points of view. 

A species in nature is a group of organisms. It is not a process, as 
some geneticists say; or an infinite mathematical abstraction, as some 
statisticians maintain; or a collection of individual specimens, as no one 
is likely to say hut as many, perhaps most, working taxonomists seem 
unconsciously to assume. The group arises by dynamic genetic proc- 
it can l)e de8crilx*d and interpreted by statistical methods, and it is 
comimsed of individuals, but it is the group itself that is a species. 

There are not literally an infinite, but certainly an enonnous numlx?r 
of pos8ihlt‘ and real groups of organisms differing both in content and in 
kind. In modern taxonomy it is a basic concept that the species in 
nature is a genetic group. The kind of genetic group that should lx 
called a sfxcies grades into kinds that are given other names and this 
gradation, sometimes denied, is the most fruitful .source of misunderstand- 
ing and disagret'ment. Nevertheless one idea underlies most of the 
definitions given by evolutionary taxonomists and is clearly involved in 
recent discussions by such an able zoologist as Mayr (1940, p. 250) and 
l)y such an able geneticist as Dobzhansky (1941, p. 373). The idea is 
expressed in various ways and with different qualifications and excep- 
tions made necessary by special situations, but it is fundamentally this: 
a genetic eiwciee te a group of organisms so conslHuted and so situated in 
nature that a hereditary character of any one of these organisms may be 
(possibly, but not necessarify) transmitted to a descendant of any other* 
To the paleozoologist there is a large, important field in w^hich definitions 
involving this idea an* inapplicable: vertical spc‘cies, d>Tiamic temporal 
sequence's. Discussion of this point is deferred to a later page, and for 
the prc'sent consideration is limit<Ki to the field in which this genetic 
concept is appropriate. 

The neozoologist could conceivably apply this concept directly to the 
observation of nature and use it as his criterion for species in classifica- 
tion. In reality he does no such tiling. What he does instead, I leave 

*Obviott«tjr a jpriMry quaJtSealioa ii that deflaitioBs iaiplyiag this caa apply only to sexually repro* 
dtiriat orfaaiaaw. | fuce all veriebrataa aorsaally reproduce sexually, discussion of asexual or partbenu* 
geaetic aps ci sa It aal pertiaeat la Uiis aympoaium. 
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to the other contributors to this symposium, except as his practice is 
related to that of paleozoology. For paleozoologists the direct use of 
such a criterion is not conceivable, even aside from the difficulty pointed 
out in the last paragraph, llie neozoologist, by custom and for practical 
reasons, and the paleozoologist, from necessity, both define their species 
by morphology and not by the transmission of heredity or brtK^diug 
habits and potentialities. Again subject to exception and modification 
for special cases, and again inapplicable to successive stages in vertical 
sequences, a species may be defined morphologically more or less as 
follows: a morphological species is a group of individuals that resemble each 
other in most of their visible charocterSy sex for sex and variety for variety^ 
and such that adjacent local populations within the group differ only in 
variable characters that intei'grade marginally. 

This morphological definition is merely a description of the usual 
result of the situation involved in the genetic definition. Therefon*, 
morphological spt^cies tend to correspond closely to genetic sj)eci(*s, al- 
though it cannot be expected that the correspondence will Ik* exact and 
universal. This treatment of pres(*nt theory really reverses the his- 
torical sequence. The objective effect of the g<»netic situation was ob- 
served long U'fore there was any clear idea of that situation or of 
phylogenetic processes in general. Species were defined morphologically 
l3efore the concept of a phylogenetic species was achieved, but just Ik*- 
cause the species are real groups and In'cause the phylogenetic' situation 
dot's have definite morphological effects, it turns oui that esst'ntially the 
same giou[>s are called species under both definitions. 

Now that it is admitted that the phylogenetic unit, the sixicu's of 
evolutionary theory, is liest defined by bleeding or genetic structure, 
the morphologically defined species is not to be considered th(* sjk'cu's 
proper, in the strictest sense, but it is what most classifiers agree to call 
a sp<'cies. This does not at all mean that the morphological sp('cie^ is a 
subjective or artificial concept. It is a real gi'oup that nearly corre- 
sponds with and is taken as a sufficient approximation of the genetic 
species. 

Even the morphological definition does not bring us down to what 
the taxonomist really observes or to the sjx'cies that he actually defines. 
What is observed and descrilx'd is a series of individual sfx»cimens. 
These specimens do not constitute the spqcies, and their description and 
differentiation from other senes certainly do not constitute* the descrip- 
tion or diagnosis of a species. That this is what nine authots out of ten 
call a definition of a species does not alter the fact that they are mistake a 
or that they deal with species only by implication and not in their 
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litenU expressions. The series pf specimens in hand is a sample drawn 
from a natural population (here assumed to be a species) but never com- 
pletely representative of that population. If a species is defined, the 
process is to infer from the sample the characters and limits of the 
morphological species from which the sample was drawn. This inference 
is the species that really is used in taxonomy. The taxonomic species is 
a subjective concept and it cannot be exactly equivalent to the morpho- 
logical species (which is an objective group), but the taxonomic species 
approximates the morphological species more or less closely according to 
the adequacy of the sample and the skill of the taxonomist. Thus we 
need a third definition of a species: a taxonomic species is an inference as 
to the most probable characters and limits of the morphological species from 
which a given series of specimens has been drawn. 

What is really done in clas8if3ring organisms is to base, on a series of 
specimens, a taxonomic species which is a subjective estimate of a mor- 
phological species, whidi in turn is a group of organisms so defined as to 
approximate a genetic species. Practical classifiers will probably object 
to the complexity of this statement, but the complexity is only revealed, 
not created, by the analysis. This is the process and it is complex. 

The Subspecies 

It is true of all other categories of classification, as of species, that three 
distinct entities are involved, one taxonomic, one morphological, and 
one phylogenetic. There are three main sorts of categories: the species, 
the subspecies, and all higher categories, from ‘^species groups" or sub- 
genera up to kingdoms. 

Genetically a subspecies may be approximately defined as a group of 
organisms throughout which active interbreeding occurs regularly, or so 
that the average hereditary repertory is approximately the same in the 
various local subgroups. This is by no means as clear-cut a thing as a 
species, even granting that the latter also shows considerable intergrada- 
tion. Even the smallest local groups, below any level reasonably called 
subspecies, almost always show some differences in average genetic 
composition and adjacent '‘good” subspecies do usually interbreed 
normally where they are in contact. There are species in which fairly 
homogeneous* local groups have well-marked genetic differences from 
their neighbors and inter^de with the latter only along narrow zones 
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of contact. Here there is little doubt as to the reality and extent of the 
subspecies (provided the genetic facts are known). On the other hand^ 
there are species in which only the most restricted groups— point rather 
than area groups — are at ail homogeneous and the intergradation is es- 
sentially continuous from one end of the species to the other, although 
the ends may be quite different. In such groups, the dines of Julian 
Huxley (1938), there is no natural number of subspecies and no way to 
delimit them that is not arbitrary. The situation has an interesting 
analogue in continuous vertical sequences, to be discussed later. The 
practice in such cases is to make arbitrary divisions such that the 
differences between their median characters are approximately of the 
order of those between subspecies with limits observable in nature. An 
alternative, perhaps more logical but as yet little used in practical classi- 
fication, would be to define the terminal points and to designate inter- 
mediate conditions by their distance from the ends. Finally there are 
species in which the whole population is fairly homogeneous. In such 
circumstances the species is commonly said to lack subspecies. Logic- 
ally, it might be preferable to say that the species then includes only one 
subspecies, an example of monotypy, which also has special importance 
for the paleontologist and will be discussed later. 

The relationship of taxonomic and morphological to genetic subspecies 
is closely analogous to that of taxonomic and morphological, to genetic 
species and is sufficiently obvious on that basis. G’ven the difference in 
genetic definition, the important distinction between species and sub- 
species in practical work lies chiefly in the differences in methods of 
inference from specimen -scries to taxonomic species and subspecies. 

The G^nus 

The basic clement in phylogenetic subspecies and spwies is a form of 
genetic continuity, actual or potential ; that is, hereditary characters are 
^ing or can be tran‘<ferred from one part of the population to another. 
By definition, such transfer cannot normally otTur between different 
species,* and above the rank of species there may be gcmetic discontinuity 
within the group defined as a taxonomic unit. These higher categories 
are all essentially alike in this respect. They differ from each other in 
scope and, for the paleontologist, to some extent in their balance between 
horizontal (geographic) and vertical (time) dimensions. Thus in theory 
there is an absolute distinction between species and genus, and the dis- 

*li is not n6c<..utry bore to take up the old question of fertile interspeciSc and intergeneric brbt.ds. 
The bolatinf mechanism does not have to be reproductive but can be feographic. meehaoiral, mv- 
eholofical, w. Btaon and BO 0 can produce ferule hybrids, hut they did not. in fact, interbreed in 
the undisturbed natural conditions under wlpch the genera arose. 
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tinction ran usually be made in practice, but there is no theoretical 
qualitative difference between genus and family. The two intergradc 
and it is a matter of custom and taste where the line is drawn. 

According to universal agreement, a genus is one of the lower supra- 
specihe categories. It includes either a cluster of species of not long 
antecedent common origin, or a single species that differs as much from 
other known species as if it were more* oi less central in a cluster of which 
the other members are missing. This is a vague definition and provides 
no rule of thumb, hut no better can be expected. Unlike a species, the 
genus is a member of a continuously intergrading hierarchy of categories 
and therefore cannot 1 k» defined exactly. This does not mean that a 
genus is not ‘‘rear’ or “natural,” but that the distinction of one memljcr 
of the hierarchy im a genus requirc's art as well as science. 

Some students insist that the genus lx* the lowest category employed 
alx)ve a species, 'fhe redudio ad absurdum of this principle is to place 
every sjxx'ies in a separate' genus, a tendency that is oix'rative in the 
work of a numlK'r of s|x*eialists. To name only one of many examples, 
the successive revisions of Severtzow (1858), Pocock (1917), J. A. Allen 
(1919) and other’s, resulted in iveognizing at ](*ast 23 g(*nera of living 
felines and placing (•ver>' w('ll-establi.shed species in a diffenmt genus.* 
Obviously, such classification makes the genus ust'less as a category in 
taxonomy. On the other hand, some students tend to use the genus for 
the largc^st group of six»ei(*s that can l)e demonstrated, with reasonable 
certainty, to have a common and exclusive ancestry. Placing all living 
felines in the single genus Feltb is an example of this. The arguments for 
lumping and splitting will probably l)e covered adequabdy by the neo- 
zoologists on this program and it suffices for me to suggest that both ex- 
tremes shouUl lx* avoided, but that the over-inclusive use of the genus is 
less harmful and more acceptable than the tendency to equate it with 
the species. 

Well-balanced ust* of the genus does leave a practical need within some 
polytypic genera for a lower collective (supra-specific) category. The 
nc>ed is well filled by the use of subgenera. There has been an unfor- 
tunate recent tendency to neglect the subgeneric category, but there are 
signs that it is being revive<i either as such or in the form of “species- 
groups,” “supra-«pecies” and the like. 

*Tli^ autlKiritijw did, it i* true, list nore than one •peciea in aome of llieir ’’genera/* but moat of 
til* additional apotiba were •ither poorly known to them or muai be judged b> a dtapaaaionate reviaer to 
be lubapcciea by the beat recent atandarda. 
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PROBLEMS OF INFERENCE 

The erection of a taxonomic subspecies, species, or genus by inferring 
the nature and limits of corresponding morphological groups from a given 
series of specimens is essentially a statistical problem. Many zoologists 
— until recently it would have been fair to say “most zoologists” — are 
strongly resistant to this statement and maintain that they neither need 
nor use statistics in their work. However, the need is not open to any 
question and most zoologists whost' taxonomic work is sound are using 
statistical methods whether they i*ealize it or not. The misunderstand- 
ing is not primarily the fault of the zoologists, Wcause it has IxH'ii fo8tere<l 
by the statisticians. In a narrow sense, to which many statisticians 
adhere, statistics comprises a certain set of mathematical op<Tations car- 
ried out with nuniencal data. Many of thesf* operations art' useful in 
zoology, but good taxonomic work can be and is Indiig done without them, 
or with only the most eleiiH'ntary of them. In a bfoadi^r sense statistics 
is the science of: (a) estimating the characteristics of populations from 
samples; and (b) d(‘scribing groups, as such, rather than indivichials taken 
singly. Since these two tilings are precisely what a systematist does 
when he sets up a s|)ecieH (or otln^r taxonomic group) on the basis of a 
series of sjx'cimcns, it follows that he is using statistics in a broad W'nse. 
Of course his statistics may In* good or bad, rational or intuitive. 

Although the species is th(’ basic and, despite* disagr(‘(‘ment, the most 
easily defined genetic unit, the subsp<*cies, at its hest, is the simplest 
taxonomic unit lieeause it is the one in which there is or may 1 h' a dir(*ct, 
simple statistical relationship Udween sample* and population, (liven il 
sample such as to make the ansumption i)ermissible, it is assum(*xl that it 
is a random representation of a population homogt*n(*ous in the sense* 
previously defined. It is then possible to e*stimate the probable char- 
acteristics and limits of variation in that hypothetical homogeneous 
population. In the simplest case, that estimate is a taxonomic sulv 
speeies. The usual methods of estimation are more or less familiar to all 
working zoologists and space need not lie takc*n to discuss them here*. 
They vary from the loose and often mistaken use of intuition, through 
the usual and pragmatically valid empiricism of experienec derived fnnn 
handling many such samples, to the relatively exact and reliable use of 
statistical methods in the narrower mathematical wmse. ‘ 

Since the results of such inf<*renee are in any case* probabilities and not 
hard and fast limits, properly conservative interpretations of this kind 
automatically allow for a rcasfmable amount of hetf*rogeneity in tne 
morphological subspecies of which the taxonomic sulwpec'ies is a mental 
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BOi morptMlo^eal mbapedes in the strict sense by dines, or segments d 
dines. In this case the taxoncnmc units derived by inference on the 
hsrpotbesis of essential homogeneity do not correspond with subspecies 
as areas on the plane of distribution but correspond with points on a line 
or on a plane. The taxonomic treatment of this rather common situa^ 
tion is still in its infancy, but it is quite clear that these taxonomic point| 
can be used to approximate and define morphological lines and planes just 
as well as the taxonomic areal unit, called a subspecies, approximates 
morphological subspecies. Such approximation of dines must be a 
secondary inference based on two or more primary or point inferences. 

If a species includes only one subspecies, or if only one of its subspecies 
is known, the description of that subspecies describes the whole species. 
It might then be proper to say that the species does not need to be and 
indeed cannot be defined in terms of itself and on any objective basis, 
llie only way in which such definition can be made different from that 
of the subspecies is by attempting to allow for the subsequent discovery 
of other subspecies, an attempt that may make us look very wise or very 
foolish if the discovery is made, but that is unlikely to have much value. 

Such mono ty pic species can indeed be diagnos(*d. I wish here to 
establish a distinction between definition, a description of the characters 
and limits of variation of a single group (of any sort or scope), and 
dtagnosts, a statement of the differences l)etween adjacent groups. 
Definition may l>e said to tell what a thing is and diagnosis to establish 
what it is not. Etymologically ‘^definition'* means to set limits and 
“diagnosis” means to know apart or know [the differences] between. 
Obviously diagnosis plays a large role in zoological taxonomy, generally 
the major role in routine procedure of sorting specimens. Yet definition 
is more basic and it seems best to concentrate primarily on this aspect. 
No two organisms are precisely alike and the important point is to deter- 
mine how much alike they must be to belong to the same group. This is 
definition, and it is impossible to make a proper diagnosis between 
groups without first knowing by definition what belongs within each 
group. It is beside the point that convenience often dictates the publi- 
cation and subsequent use of a diagnosis rather than of the definitions 
on which it is based. 

The species is the fundamental genetic unit, but polytypic species are 
already secondary or multiple taxonomte units. From the point of view 
of erection of taxonomic species by inference as to morphological species, 
if more ttlim one subspecies is present the methods of inference do not 



m mtmt Am fAXMamoar las 

difhr from thorn involved in taxonomic genera. IMm uniediiee t^e 
rather common feeling among lodogists that the differonce between 
species and genera^ like that between genera and subfamiUes, is simply a 
matter of scale and convenience, whereas to the geneticist there is a 
profound qualitative difference. Granting that phylogenetic classifica* 
tion should attempt to approximate the genetic ideal, the problem of the 
zoologist is to determine whether the different results of like methods of 
inference are more nearly harmonious with genetic species or genera. 

The polytypic species and genera of taxonomy cannot, like the sub- 
species, be set up by simple statistical inference from a sample to a 
hypothetical homogeneous population. Such first-order inferences must 
be made for each of a number of different populations and then a second- 
order inference must be made from these data to define a larger and ad- 
mittedly heterogeneous group. It is customary to set up a combined 
definition and diagnosis of the heterogeneous group by listing characters 
believed to lie common to all its meml)ers and not to be common, either 
alone or in combination, to members of morphologically contiguous 
groups. This usually suffices for the rapid labeling of specimens, a 
legitimate goal but a veiy limited one. It certainly does not suffice for 
any real understanding of the nature and significance of the group. On 
higher taxonomic levels, especially as these are revealed to the paleon- 
tologist, such definition-diagnosis by common and exclusive characters 
is more clearly revealed as inadequate and sometimes »8 quite impossible. 
For instance it is instructive to try to list characU*rs common to all 
Equidae and excluding all memlK»rs of any other group This may be 
possible, but I have been unable to make or to find such a list, although 
the Equidae certainly form a ver>' real and valid taxonomic and genetic 
group It is important to list characters in common, but it is equally 
important to define polytypic groups by the nature and sequence or ar- 
rangement (in space or in tim<*) of the differences l^twecn the included 
lesser groups.* 

The most practical criterion for judging whether a polytypic morpho- 
logical group, in which there is no qualitative distinction between genera 
and species, corresponds more nearly with a genenc or specific genetic 
group in which there is such a distinction, is by intergradation. If ad- 
jacent contemporaneous subgroups within a larger morphological group 

. •A point thni may h«r« be mentioned parenthetically, becauee it to be miauaderflood m aottie 
oiherwtee excellent recent work, ii that a polytypic croup doe* not ueually have a iMa^ or averafe con- 
dition in the tame eenec aa a monotypic group Tne mean in a tingle pppulaUon it a point of Mntraj 
tendency around which variation! tend to cluatcr The tame figure derived from teveral mffeteni 
populatione hat no tuch ttgnificance and may, indeed, be a value that dpM not occur, or tend to ptch , 
In any of the included gronpa in a polytypic group a more or lest valid analogue of the mean je the 
“condiUon in common and an approximate analogue of vartationi from the mean it the range of olBer- 
ing meant in the different tubgroupt 
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differ in their means but intergrade in all known characters, it is a reason- 
able inference that the subgroups are subspecies and the group a species. 
If the subgroups do not intergrade in one well-marked character, or 
preferably in several characters, it is proper to infer that the subgroups 
are species and the group a genus. Allowance must be made for ade- 
quacy of sampling: a gap may represent a missing subgroup that would 
overlap l)oth of two that do not themselves intergrade. It is also to Ix' 
remembered that such intergradation of the populations may not Ix' 
visible in small sample's. It is not to be judged on the basis of the sample 
in hand but on the basis of the taxonomic concept derived from that 
sample. On the other hand, if only a few characters are available for 
study, the differentiating, non-intergrading characters of separate 
species may be missed. 

lliis criterion does not assure full agreement between taxonomic and 
genetic groups. There are known certainly valid genetically distinct 
species — that is, populations that do not or cannot interbreed — that 
intergrade completely in morphology. These are, nevertheless, uncom- 
mon and it is not a serious error to nxiucc two such species, certainly very 
closely related, to subspecific status or even to fuse them completely in 
the taxonomic systt'm. Moreover, it seems probable that such a situa- 
tion can only l)e temporary. I do not know any example of the converse 
situation — that is, of two populations definitely belonging to one genetic 
species but not intergrading in a morphological character, either directly 
or through intervening groups.* Probably cases can occur, but they 
must Ikj rare. 

In general the use of this criterion will rarely, if ever, result in confusing 
sulispecies or nu're variations within a subspecies for species or species 
for genera, if valid methods of inference are used, but it may result in 
failure to distinguish vahd genera and species or in giving them less than 
their genetic rank. When it fails, the criterion is on the side of caution, 
which seems desirable. Of course the number of such failures, which are 
not failures to recognize good morphological groups but to make these 
equivalent to genetic groups, will be in inverse ratio to the number of 
variable characters observed and to the closeness of inference permitted 
by the samples. 

CATBOORICAL RANK OF CHARACTERS 

It would be incalculably valuable to taxonomists if characters or, more 
strictly, the differences between them could l)e assigned fixed categorical 

*Tb«r« mn of couroe •triktog unit •Aarotffrrf lb«t coonot have any intermediate condition and ao can* 
not itttcrfmdnitt this Mnae. but the Myufaliona aibibiUna them ran etiU intergrade through a population 
abofring Mib or all roaditioM. ouch a character la the dettral and ainiitral coiling of ahella and 
Craaiptott'a olaaaic atndy (tnt) abowa that interaaediate populationa do occur. 



SIMPSON: CRITERIA IN ZOOLOGY AN!) PAIEOZOOWQY 165 


value; for instance, if a difference between individuals of 20 per cent in 
size could be taken as pxima-facie evidence that they belong to different 
species, or a difference in tooth formula that they belong to different 
genera. Many zoologists have believed that they could assign such 
values and have proceeded on this l)elief. The search is reminiscent of 
that of the alchemists for the philosopher’s stone. It has }>een an at- 
tempt to find an easy way to do something that can, indeed, he done, but 
not by easy methods. 

In the first place, the In'lief that a mor{)hological distinction of given 
degree or kind constitutes in itstdf a fixed rank of diagnostic distinction in 
taxonomy is inconsist(*nt with modem taxonomic principles lH*cause it 
approaches the problem on inadmissible promises. Morphological 
differences are used to disscritic and distinguish taxonomic groups, but it 
is the groups of organisms that are lieing classified, not the morphological 
characters themselves. Thai the distinction is important and not par- 
ticularly subtle is readily evident from a simple example. Suppose that 
one were introduced to all tlic inhabitants of a village and asked to deter- 
mine their relationships to each other. Obviously, iKissession of the 
same shade of hair would not indicate siblings; possession of slightly 
different shades of one color, cousins; and of different colors, memlK'rs of 
unrelated families. But, just as obviously, hair color would Ik' a datum 
essential for solution of the problem. 

Every working taxonomist knows that some morpbi logical differences 
do tend to be diagnostic of certain levels of classification, but the prob- 
lem of determining this correspondence is essentially empirical and the 
values are properly assigned only a poHtcrion. Once so dcU^rmined, 
there may be a degree of probability, not certainty, that similar values 
can be assigned a pnort in studying allied foi ms. The basic data for the 
problem are extensive observations of the variation that can and does ap- 
pear in defined groups. Many such observations are available, but many 
more are needed and most of those that arc available need better analysis 
and presentation. 

A major distinction is often made betwetm quantitative and qualitative 
characters and exandnation of many diagnoses shows that subspecies 
and species are usually defined in quantitative, but genera and higher 
groups often in qualitative terms. This has IxH^n advanced as a rule, 
and there has even been argument as to Whether ‘^numerical” or "mor- 
phological” characters are lietter or more* reliable in taxonomy (e. g., 
Ehrenlierg, 1928). The distinction Ix^twecn quantitative an<l qualita- 
tive characters is real but by no means absolute. The difference is often 
a mere matter of convenience. For instance the absence of a premolar 
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in a mammal is customarily treated as qualitative, but the closely 
analogous absence of a scale in a reptile is often designated quantitatively. 
Many characters are treated qualitatively — e. g., strength or prominence 
of a crest on a tooth — simply because an easy means of measurement has 
not been devised, although the character may be more quantitative than 
qualitative in its real nature. With some exceptions it might be said 
that structures differ only quantitatively and that the only true qualita- 
tive differences are in the appearance of wholly new structures or the 
total loss of old. The practical distinction in study may be rather a 
matter of technique than of any real biological difference. 

The characters of high taxonomic categories may show more obvious 
and constant distinctions than those of genera or smaller groups. The 
higher categories originate in ways that assure that such distinctions will 
exist genetically and the sharpness of the distinction arises mainly by 
alow accretion from species to species and by the disappearance of the 
transitional stages. On the level of genera close enough to each other 
not to represent different monotypic higher categories, this process is just 
beginning and the morphological distinctions may differ little in degree 
and not at all in kind from those that may appear between species, sub- 
species, or even individuals in one subspecies. 

The fundamental point is not so much the distinctiveness of unit 
characters as their distribution in the groups; these groups, and not the 
characters, l)eing the objects of classification. For instance, such a 
character as union or disunion of ectoloph and metaloph in a mammalian 
molar usually becomes widespread and relatively invariable within spe- 
cies, genera, or even families; hence, it is a character of those categories 
and is often felt to guarantee high categorical rank, but it may also vary 
within one interbreeding population and hence not be a so-called tax- 
onomic character at all (Simpson, 1937a). Or, again, exactly the same 
morphological character may have different systematic value at different 
times in the history of one phylum. For instance, the most striking 
diagnostic character between the early Miocene horses, primitive species 
of ParahippuSf and those of the preceding stages, Mtohippns and ad- 
vanced species of Menohtppiui, is the uniform presence of a crochet on the 
upper molars of Parahppua, This is a generic character of that genus. 
But in transitional species of Mesohippua-Miohippua and in Mtohippus 
the sania character may appear as a variation within highly localised 
samples, purely individual variants of one subspecies, or may be a 
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variable but useful average character of a subspecies or a species (Schlaik- 
jer, 1935; Stirton, 1940).* 

If subspecies become species by isolation and species become genera by 
divergence and diversification, it is inevitable that diagnostic characters 
should thus appear as individual variations and tend gradually to become 
subspecific, specific, then generic characters, and that no particular kind 
of character should be characteristic of a particular taxopomic level. 
Paleontological examples of this process demonstrate that this sort of 
sequence does certainly occur at times and may be typical of evolu- 
tionary history. They thus demonstrate that geneticists of the cata- 
clysmic school, like Goldschmidt (1940), are wrong for some cases, and 
therefore are wrong in general, because they claim that this process never 
occurs. There are, nevertheless, at least three frequent distinctions l>e- 
tween intra-specific and extra-specific diagnostic characters. First, cer- 
tain differences rise above the specific level less often tham others; second, 
the accumulation of intra-specific differences normally gives rise to extra- 
specific differences of greater degree although not of different kind; and 
third, the whole number of significant differences is likely to be larger for 
higher categories than for lower. 

As an example of the first sort, the most obvious of all animal char- 
acters, that of gross individual size, may be cited. Genera do usually 
differ in the size range covered by their species, just as species and sub- 
species usually differ in the size range of the included individuals. Thus 
size is frequently a generic as well as a specific chai actor, but as a rule 
it is not a good diagnostic character for genera and so is not often used 
in defining them. An imp>ortant technical reason for this is that gen(*ra 
(unless monotypic) do not have a true average size. From a given 
sample of a subspecies it is possible to observe and to measurt' a central 
tendency as regards size. Such a tendency does not necessarily exist 
for a genus and if it does exist it cannot be measured or estimated from 
one sample or in any other simple way. A more obvious reason is that 
related genera often tend to overlap very widely in size range, each with 
species more or less covering the optimum size ranges over a variety of 
local conditions, so that the sizes confined to one genus tend to be typical 
only of one or a few of its species and hence to be used for specific, not 
generic, diagnosis. This real but limited phenomenon is perhaps the 
origin of the too generalized dictum that quantitative characteis are 
specific and qualitative, generic. Yet practical tribute to the fact that 

*01 oourM It !• BOMibU to MTfue in the other direction nod to mjt tbnt an individual with 

a crochet belonge i^/eeto to a different cenua beeauee a crochet le a jeneric character. Thia le a eoa- 
aon tendenejr aaong praetkiaf sootogieta and ia, indeed, what Schlainjer did in thia particular inaUa .e. 
For reaeona enpreaeed in Uua paper, 1 aa oonvineed that thia r ea a e nin f b lattaeioiio. 
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l^enera do differ in thw respect is paid by the zoologist who, when he finds 
a species far beyond the size range of known genera, immediately looks 
for, and usually finds, justification on other grounds for placing the 
aberrant-sized species in a new genus. 

The quantitative increase of differences by inciements, the number 
and hence the total of which is roughly proportional to taxonomic rank, 
is a factor known to and used by every zoologist. Its cause is related to 
such factors as sizes of mutations and rates of evolution. By experience, 
it is learned that differences of a certain degree cannot arise, or at any 
rate have not arisen in any known case, in a single step or within an inter- 
breeding population. It is therefore justifiable to conclude that, when 
such differences are observed, they represent an accumulation of smaller 
diffenmces such as accompanies divergence of specific or greater rank. 
Brachyodonty and hypsodonty in mammals provide* a clear example. 
Relative height of cheek-tooth crowns varies in all groups, but only 
within narrow limits in one |H)pulation. As far a.s has l)e(*u d(*tennined 
einpiriraJly (and up to now such determinations are necessarily cm- 
pineal), a fully hypsodont tooth cannot arise from a brachyodont tooth 
in one or a few steps. Hypsodont and l)rachyodon< mammals never 
lielong to the same genus. This implies not that height of crown is 
inherently a ‘^generic character,^' but that the terms designate a high 
degree of difference that has generic or greater diagnostic value but is 
only the extreme on a continuous scale, on which lesser differences may 
be specific, sulispecific, or individual. The generic degree is a simple 
sum of h*sHer degrees of difference. 

The same element of rate of change is involved in the lx*licf that 
adaptive characters are diagnostic of lower taxonomic groups than in- 
adaptive, or habitus characters than heritage characters (e. g., (Gregory, 
1936). The higher taxonomic value of ht*ntage characters is, in fact, a 
matU*r of definition rather than of any indeixmdent or (*soterie biological 
relationship. Characters that have evolved slowly or not at all and that 
have Ijeen passed on from a more* or less remote common ancestry to 
diverse descendents are by definition heritage* characters and, also by 
definition, are characters of high taxonomic rank - indeed, ^‘heritage” in 
this sense is merely another name for characters of high rank. 

Adaptive characters are by no means confined to the diagnostic levels 
of low taxonomic groups. For instance, the streamlined contour of 
cetaceans is obviously adaptive and it characterizt*s a whole order (or a 
whole cohort). The point involved is not directly the adaptive nature 
of the character so much as its rate of evolution, in which the adaptive 
relatinnshilkto the environment is one of several important determinants. 
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If a j)otentially variable character is rather narrowly adapted to an en- 
vironmental condition and if the environment changes or the group in- 
vades a new environment, then the character may also change relatively 
rapidly and differences in it may be diagnostic of minor units such as 
subspecies or still more localized groups. Pelage in protectively colored 
rodents (Dice, 1940) and other mammals is a typical example and such 
characters are largely responsible for the impression of zoologists that 
subspecies tend to differ in ^^superficiar' ways of no higher taxonomic sig- 
nificance. If, however, the response of an adaptive character i^ more 
sluggish — for instance, from rarity of mutation, slight variation, or 
breeding structure crossing a vers" large population — a difference that 
does appear is likely to l)e of higher taxonomic value. The same will be 
true, as in cetacean body form, if the adaptation corresponds with a 
larger range of environmental conditions or if the pt‘rtinerit environ- 
mental condition does not change. 

The fact that higher taxonomic categoric‘s tend 'to differ in more 
characters than do lower categories is another aspi'ct of much the same 
sort of evolutionary phenomena. (« roups like subspecies that have 
some genetic transfer are not likely to differ markedly unless in the 
average conditions of characters of more immediate survival value. 
Once genetic transfer ceases and species become distinct, even pure 
chance tends to multiply the number of differences and this will become 
more extensive the longer the separation. This is a restatement of one 
of the reasons why morphological eategorit»8 do t ud to approximate 
genetic categories and why the foundation of a 8f)-ealled phylogenetic 
classification on purely morphological <lata is justified. 

NEOZOOLOGICAL AND PALEOZCX)LOGICAL MATERIALS 

'lire r(»st of this paper is devoted to some* sjiecial problems and pro- 
cedures mon* particularly related to tiie study of fossil vertebrates. 
Paleontology is as much a part of zoolog>^ as is the study of n*eeiit ani- 
mals -a point here emphasized by using the names paleoz(K)logy and 
neozoology for the two major divisions of the subj(‘et. This sulxli vision 
arises from the diffenmt nature of available obs<»rvational data, not from 
any fundamental difference in the aims of study or from any logical dis- 
section of the science into “d(*ad'' and ‘'living'^ parts. The principal 
differences in materials and data are as follows: 

1 . —Paleozoological specimens are ail (lead. So, in most cases, are 
the neozoologieal specimens used in taxonomy. Studies on the physiol- 
ogy and genetics of living animals have been made for such a very small 
number of species that they do not constitute the data of neosoological 
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taxonomy but are only examples, useful in interpreting data derived from 
dead specimens. They serve the same purpose for both paleosoological 
and neosoolo^cal taxonomists. 

2. — With unimportant exceptions^ paleozoological specimens eomprise 
only bones and teeth, and generally only a fraction of these for each 
individual. Noozoological data could include the whole anatomy of each 
animal, but they seldom do in practice. At least through the generic 
level, neozoologists base classification almost exclusively on external 
characters. Ichthyologists and herpetologists do, as a rule, collect whole 
animals, but rarely use internal characters on these levels of classification. 
Ornithologists collect only skins for ordinary taxonomic purposes. 
Mammalogists collect skins and skulls. The use of mainly external 
characters by neozoologists and of exclusively internal characters by 
paleozoologists is the most striking difference in their materials. 

3. — Neozoologists sometimes have larger samples than paleozoologists. 
The difference is not as great as might be supposed. There is no absolute 
criterion as to what constitutes an adequate sample for taxonomic pur- 
poses, but I would judge that samples of more than ten specimens will 
usually suffice to establish the reality and basic distinctions of a sub- 
species, if efficiently used and analyzed. More than fifty specimens, 
mialyzed with equid efficiency, will usually permit a virtually complete 
definition. Such definition is exceptional both in neozoology and in 
paleozoology. As a fairly typical example, in a recent neomammalogical 
revision competently based on all the pertinent materials of several great 
museums (G. M. Allen, 1938, 1940), the samples studied by the author 
were inadequate (ten or fewer specimens) for 58 per cent of the unit 
groups (subspecies and monotypic species), adequate but incomplete 
(eleven to fifty specimens) for 31 per cent, and fully sufficient (over fifty 
specimens) for only 10 per cent. There does not happen to be a closely 
comparable recent paleomammalogical revision giving such data as to 
sizes of samples, but a census of materials for a characteristic Tertiary 
fauna (Lebo) shows: inadequate, 05 per cent; adequate, 31 per cent; fully 
sufficient, 4 per cent. Collections for some of the well-known later 
Tertiary faunas have fewer inadequate unit samples and those for some 
recently discovered or poorly collected faunas have more. In general 
it is evident that paleomammalogists have about the same percentage of 
adequate samples but have fewer large, relatively complete samples.* 
In both fields the sizes of available samples are steadily increasing. For 
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8ome of the groups other than mammals, students of fossils are at a 
greater disadvantage. For instance there are only one or two species of 
dinosaurs for which adequate samples have been collected. For this 
reason, if for no other, the specific taxonomy of such groups is highly un- 
reliable or practically non-existent. 

4. — Neozoological samples can and frequently do cover the whole areal 
range of the included groups and the whole number of distinct groups 
present in a given area. Paleozoological samples practically never do 
either. This is much the most important permanent disability of paleo- 
zoology. It means that paleozoology can contribute relatively little to 
some taxonomic problems, especially those having to do with geographic 
variation and horizontal subspecies. 

5. — Paleozoological samples can cover long periods of time. This is 
the great advantage of paleozoological data. The neozoologist's uni- 
verse has no time dimension. For all practical purposes his subjects are 
all contemporaneous. If the time observable suffices for any significant 
change in his populations, this change does not proceed beyond the lowest 
levels of subspecies or still smaller gioups. He may thus take the dis- 
continuities between species, genera, and higher units as absolute, a fact 
that greatly simplifies the taxonomic task but that removes from his 
direct observation a fundamental goal of rest^arch: the mode of origin of 
these discontinuities. The paleozoologist, on the other hand, is as much 
concerned with temporal as with geographic sequences. He is so con- 
stantly dealing with time that his whole manner of thought is affected by 
it. The added dimension greatly complicates his practical task of classi- 
fication, but at the same time gives him a direct approach to major 
evolutionary patterns and processes. 

These differences in materials for study not only necessitate differences 
in procedures of classification but also induce differences in attitudes 
toward classification and toward the broader problems of taxonomy. 
They emphasize the desirability of an understanding of both neozoolog- 
ical and paleozoological contributions to these problems and the absolute 
necessity of a synthesis of the two fields for further progress toward their 
solution. 

With differences caused by personal taste and knowledge, all zoologists 
recognize the same classes, orders, and families. These can all he defined 
either in paleozoological or in neozoological terms and a family of fossils 
is the same sort of thing as a family of r^ent animals. When it comes 
to the levels bemg discussed in this symposium, genera, species, and sub- 
species, this equivalence can no longer be taken for granted. As regards 
these low taxonomic ranks there is real room for question whether a 
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singlet unified zoological system is an attainable ideal or whether paleo- 
zoological and neozoological classifications must forever be different. 
TTie problem of vertical units enters into this, but it is distinct and will 
lx» discussed separately. The present question is whether the horizontal 
genera, species, and subspecies of paleozoology and neozoology are or 
can be units of about the same real taxonomic rank. The question is an 
old one. More than a century ago Hitchock (1836) wrote: “When I 
speak of species here, I mean sp)ecie8 in oryctology [paleontology], not in 
ornithology. And I doubt not, that in j)erhaps every instance, what I 
call a species in the former science, would be a genus in the latter.'* 
ZrK)logists are still wondering whether this may not Ije tnie. 

Genera 

For g»*nera, it is possible to give a definite answer: paleogenera and 
iieogenera (if I may Ik* pertnitted a self-explanatory barbarism) can lx* 
exa<*tly equivalent and usually are approximately so. I have yet to see a 
genus of recent mammals, or, at least, one that had any good chance of 
lx*ing valid and having this rank in a reasonable classification, that could 
not Ik 3 recognized from a single specimen of the skull. Most of them can 
lx* recognized from a single jaw, and many from a singU* tooth. Thus 
neither incompleteness of individual specimens nor small size of samples 
prevents a paleozoologist from recognizing neozoological mammalian 
genera. Studies of Pleistocene faunas, in which neozoological genera oc- 
cur as fossils, provide an exix*rimental check on this and confirm the 
equivalence and recognizability. Among some of the lower vertebrates 
identification of n»cent genera sometimes reijuires more complete knowl- 
edg«» of the skeleton, but even in these groups the usual paleozoological 
data generally seem to suffice for this puriM).sc*. Paleozcwilogists fre- 
quently discover that they can wcognizt^ genera from skeletal characters 
that are not used by (and are often unknown to) the* neozoologists who 
foundf*d the g<*nera. For instance, neornithologists ni'ver defim* genera 
on osteological characters, but palcximithologists have no serious diffi- 
culty in referring Pleistocene bird Ixmes to the projier recent genus (e. g., 
Howard, 1930). 

It is, nevertheless, proliablo that paleozoologist s tend to draw genenc 
lines somewhat more broadly than do neozoologists, although in both 
fields the tendency is obscured by great differences between individual 
workers. If real, the tendency is not a matter of necessity, and certainly 
not a matter of erroneous interpretation, but one of taste. The paleo- 
zoologist has, on an average, fewer species and subspecies within a genus 
of given acofie but has a greater variety of generic and, especially, higher 
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groups and is much conopmoH with clear expressions of relationship on 
upper taxonomic levels. The use of rather inclusive genera is therefore* 
more convenient and natural for him. The neozoologist has greater 
numbers of subspecies in a given morphological range and is mamly con- 
cerned with the arrangement of these and other low taxonomic groups^ so 
he tends to use smaller and smaller genera. For instance, the great 
number and small scope of genera of recent murid and cricetid rodents 
commonly recognized by neozoologists seem to the paleozoologist un- 
justified by the morphological (or prolmble genetic) facts. 

My own sympathies in this battle of the lumfKjrs and the splitters 
naturally incline toward the broader, paleozoological sort of inclusive 
genera, but a compromise is possible and may eventually prove accept- 
able to both. I am informed (by Dr. Mayr) that the ornithologists, 
having once broken all their genera into small fragments, are now en- 
gaged in putting them together again. Perhaps the neomammalogists 
will soon enter this new lumping phase. As for the piileomammalogists, 
they may have the splitting phase still to suffer, but may happily lx* 
spared its most extn^me form. 


Species 

For many years paleozoologists have gone on naming hundreds and 
thousands of species, some of them never doubting that these wei-e tnie 
species in the neozoological sense* and most of the rest not caring wl«*th(*r 
they were or not. A note of doubt has Ixxm heard ^rom time to time, 
more frequently in rec(*nt years. Some of the lx‘st paleozoological tax- 
onomists (e. g., Jepsen, 1933; Scott and Jepsen, 193t»j have ev(*n sug- 
gested that it may not be possible to recognize true sjx^cies (in the neo- 
zoological sense) among fossil vertebrate's, at le'ast for the prc'sent. 

There are really two questions. Are paleontological species rc'al 
groups? Are they approximately equivalent to taxonomic six'cies as de- 
fined on a previous jiage from a more n(*oz(X>logical ixiint of vif'w? Like 
neozoologists, and with more excuse, paleozoologists have creaU'd an 
enoimous number of synonyms and have also given many names to what 
may have been but cannot lx* shown to lx* real and newly discovered 
groups. Fossil species are usually first descrilx*d from fragments, some- 
times not homologous with the known parts of related forms, and many 
supposed species have been based originally on single specimens. These 
are inevitable results of the nature and history of paleontological dis- 
covery. Earlier paleontologists had no real idea of the extent of morpho- 
logical variation that can occur in a single species and workable enteria 
have only slowly been achieved, hand in hand with similar work by 
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neoioologistfi and with experimental work. It is conservative to guess 
that among previously proposed species of fossil vertebrates; aside from 
types of currently recognis^ genera; not more than a quarter represent 
natural and distinct groups. The fraction of valid species is probably 
much lower. 

This situation is certainly deplorable, but it exists to greater or less 
degree in every field of zoology. It can be and is being cleared up by 
revision with enlarged samples and by the use of more rational and 
objective criteria for intraspecific variation, especially those based on 
the statistical relationships of samples and populations. No matter how 
many mistakes may have been made in the attempt to do so, there is 
little real doubt that the groups called species in competent recent 
paleozoological studies tend to correspond with real units of population 
ill nature. 

Strict application of competent modem methods to adequate samples 
should seldom or never result in the recognition of false groups (aside 
from the clement of human error by the student), but it may fail to dis- 
tinguish two groups properly of specific rank and it may result in calling 
groups species when their true rank may be higher, e. g., genera, or 
lower, e. g., subspecies. The extent to which this may result from 
peculiarities special to paleontology is a measure of the degree in which 
the species of paleozoological taxonomy are likely to differ from those of 
neozoological taxonomy. 

Tlie fact tliat a neozoologist could and that a paleozoologist could not 
have recourse to actual breeding experiments in a critical case has little 
practical significance at present. How many vertebrate species have, in 
fact, been defined experimentally in a way importantly different from 
previous morphological definitions? All will admit that the number is 
insignificantly small. Larger size of unit samples for recent animals is 
also a minor consideration. Although it does impede the paleozoologist 
in certain particular cases, it is neither a general nor a necessary disability. 
The better spatial distribution of neozoological samples is more pertinent 
to the recognition of subspecies, but as regards species it may tend to have 
an effect opposite to that usually supposed: it is likely to make the 
paleozoological species a smaller, not la^r, unit than the neozoological 
species. Terminal groups that are shown by intervening samples to be 
subspecies of a single species may frequently be mistaken for species if 
the intervening samples are lacking, which is more likely to be true in 
paleozoology than in neozoology. 

The important difference between paleozoological and neozoological 
taxonomic such difference does necessarily exist — ^must arise 
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from the availability and use of different morphological characters. It is 
a common belief, on both sides, that paleozoologists cannot recognise 
neozoological species because the latter are defined by external characters. 
This statement contains a glaring (but sometimes unnoticed) fallacy: it 
rests on unstated and unproved postulates. These postulates are that 
external and internal characters are fundamentally different in taxonomic 
value, that their variations do not tend to be closely correlated, and that 
their population distributions are significantly dissimilar. Making these 
assumptions by implication and without conscious analysis is unscientific. 
They demand more careful statement and study than has yet been given 
them. 

There is, as far as I know, no evidence that external and internal char- 
acters have any different genetic basis or involve any different hereditary 
processes. On the contrary, all the pertinent data suggest that they 
are exactly analogous in this respect. Can two organisms differ only in 
external, or only in internal, characters? Since it is theoretically possible 
for organisms to differ only in a single character, the answer to this 
question is evidently ^^yes,'' but the question does not mean very much 
for taxonomy, Taxonomy is more pragmatic and is not concerned so 
much with what can as with what does happen. Distinct populations 
that differ in only one or two characters are so unusual as to have almost 
no bearing on practical taxonomy. Even a single difference in alleles 
commonly results in more than one phenotypic ‘^unit charaetdr^’ differ- 
ence. In nature most distinct populations differ ii. average values of 
dozens or of hundreds of morphological peculiarities. 

The chances that all such multiple differences will be either external 
or internal can be worked out for various sets of permissible postulates. 
For instance, if only ten differences are involved and these are a3 likely 
to be internal as external, there is less than one chance in one thousand 
that all will fall into a particular one of these categories From such 
considerations, it is easily shown that the chances of all such differences 
being external are quite negligible unless the differences are very few in 
number, unless there are many more distinguishable external than in- 
ternal characters, ol* unless external characters are inherently much more 
likely to vary than internal characters. It is an established matter of 
experience t^t such conditions, if they ever obtain for the characters 
available for distinction of species, are certainly highly unusual. 

Regardless of these factors related to the genetic incidence of differen- 
tial morphological characters, it could still happen that the taxonomic 
significance of external and internal characters was different. First, the 
segregation of the two could conceivably be different, so that populations 
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defined m terms of one would have distinctly different boundaries from 
those defined m terms of the other even though comparable in scope. 
This possibility need not be considered m detail because it follows from 
the similar hereditary determination of the two and from the basic 
definition of species in terms of breedmg structure that no consistent 
tendency toward such a difference can exist, even though some difference 
of the sort might occasionally arise by chance and at random Second, 
it IS conceivable that some non-genetic factor, notably natural selection, 
might operate so much more strongly on one than on the other that popu- 
lations defined in terms of the first would be more sharply delimited and 
smaller in scope than those defined in terms of the second 

This IS the most essential point involved m the present problem. It 
deserves a great deal more attention than it has ever received and more 
detailed discussion than can lie included here Data for checkmg it 
empirically and objectively are scanty, but some are available Table 1 


Tabie 1 

Vabiationh of Characterr in Peromyscun 


A Three Typicai ^'Internal" Characters 


Linoar Bone Dimensions 


Stock 

Mandible 

M SR 

Condyle-Premaxilla 
M SR 

Bullar Width 

M SR 

Alexander, Iowa 
Moville, Iowa 
Greenland, N. H 
Vineyard Haven, 
Mass 

15 36 14 04-16 68 
17 39 16 05-18 73 

16 72 15 42 18 02 

17 72 16 43-19 01 

22 81 20 50-25 12 
25 62 23 79-27 45 

25 05 23 24-26 86 

26 26 23 95-28 57 

10 26 917-1135 

11 25 10 47-12 03 

11 02 8 45-13 59 

1140 10 71-12 09 


B Typical “External’* Character 


Tint Photometer Readings on Dorsal Stripe 


Stuck 


Alexander, Iowa 
Moville, loRa 
Qreenland, N H 
Vineyard Haven, 
Maae 


Red 

M SR 

5 10 1 21-a 09 
8 59 3.43- 13 75 
8 65 5 63-1107 

803 3 13-12 93 


Yellow 
M SR 

4 25 1 01-7 46 
7 07 2 57-11 57 
7 44 5 02-9 86 

6 67 2 55-10 79 


Green 

M SR 


3 67 1 08-6 29 

5 75 1 44-10 06 

6 36 3 94-8 78 

5 27 2 44-8 10 


If » Um Mail. M fivan by Dtc* and 8Rw aUadard raafc from aUadard deviation (m« Sin 
1941 ), calaulatad from Dico’i data, and h«r« azprowtd by hmita rather than by apan 
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is a good example, based on Dice s observations (1937a, b, 1939) on 
uniformly laboratory bred stocks of P'eromyficus from different localities. 

Although it is unlikely that there is any genetic or any selective corre- 
lation between skull dimensions and color of pelage, it is evident that the 
inferences as to resemblances and differences of these four populations 
would be the same whether based on the internal or on the external char- 
acters. On the basis of either sort of character, the two geographically 
close stocks from Iowa differ more than do the three geographically 
scattered Moville, Greenland, and Vineyard Haven stocks. The Mo- 
ville and Greenland stock are particularly similar, almost indistinguish- 
able, and the Vineyard Ha\cn stock is a little more distinctive. The 
mammalogists^ taxonomic expression of these facts is to place the 
Alexander population in Peromyscus tuamcuUUus and the other three in 
a different species, Pcromyscus leucopus. The Moville and Greenland 
populations are local variants of one sulispecies, Pcromyscus leucopus 
noveboracensiSf and the Vineyard Haven group has been placed in a 
different subspecies, P. leucopus fusus (although it may l)e noted that 
this arrangement rests more on the relatively sudden transition to ad- 
jacent P. 1. noveboracensis than on the degree of difference — a point in 
subapecific definition not particularly pertinent at this point in the 
discussion). 

Data on other variatea of these samples, on many other samples of 
allied and intervening populations, and on a wide variety of othl?r mam- 
mals support the same generalization natural populations of mammals 
tend to differ about as much and about as sharply in skeletal characters, 
such as dimensions of skull and teeth, as in external characters, such as 
pelage color, and the groups based on the two sorts of characters by 
analogous methods of inference tend closc'ly to coincide. There arc* a 
few real exceptions to this generalization anil there are supposed excep- 
tions that are more apparent than real. Among the latter may Ih» 
counted such classic cases as the lion and tiger or the horse and zebra, so 
obviously different when seen in the flesh and so apparently similar when 
seen as skeletons. But this is only a mat ter of ease of observation. The 
species are really distinct in osteologj’^ also, when the skeletal characters 
are closely and correctly analyzed, and the osteological sp(»cies are the 
same in scope as the pelage species. 

It may be concluded that paleozoologists can, as a rule, recognize the 
same sort of species as do neozoologists. It is undoubtedly tnie that 
they frequently do not do so. llus is due in part to personal factors — 
certainly not all neozoologists recognize the same sjiecies; in part to th'* 
fact that specific taxonomy is a retarded study in paleontology, only now 
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slowly emerging from the days of rule-of-thumb and excessive subjec- 
tivity; and in part to the paucity of well-distributed paleozoologicai 
samples. I believe that the tendency in the two sciences is for their 
specific concepts to become more and more similar, although this question 
of sample distribution does involve an important difference more ex- 
plicitly stated at the end of the following discussion of subspecies. 

Subspecies 

Few vertebrate paleontologists ever propose subspecies and those who 
use them at all do so sparingly. Checking the last 25 papers on fossil 
mammals to reach my desk, I find that 24 of them do not so much as 
mention subspecies, although they include some large faunal revisions 
based on excellent collections, and that 49 new species are proposed and 
only 2 subspecies. In contrast, 25 recent taxonomic papers on living 
mammals, taken at random, propose 6 species and 6 subspecies. The 
disproportion would have been greater except for the accident that one 
of these papers is by one of the few students who habitually proposes 
subspecific names for fossils. It is also significant that both the supposed 
new subspecies that are described are recorded as occurring in direct asso- 
ciation with much more abundant remains of the typical subspecies of 
the same species. They receive separate designation only because they 
seemed to the author too far from the average condition to be called 
typical, the criteria used being entirely subjective as far as shown. The 
chances are great that these are not subspecies at all but are either artifi- 
cial groups based on individual variants within the typical groups or are 
distinct species. 

The number of true subspecies in the paleontological literature, that is, 
of subspecies that are really analogous in structure and scope to those of 
sound neosoology, is certainly extremely small. Practically speaking, 
it is not too much to say that paleozoology does not treat with subspecies 
in this sense. We may briefly discuss why this is true now and whether 
it is necessarily and permanently true. 

From the considerations summarized in the preceding discussion of 
species, it is fairly well established that paleozoologists could recognize, 
and would tend to arrive at, the same sort of subspecies as neozoologists 
if they had samples analogous in size and distribution and if they treated 
them in a similar way. Neither of these conditions has been commonly 
satisfied in the past. 

The^ very fact that their materials usually consisted of a few isolated 
speciinens during the early and classical periods of their science meant 
that paleozoologists perforce developed the attitude and methods of com- 
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parbon of individual specimens. Their development of group concepts 
and of the methods of population infference from samples has been re- 
tarded ; indeed even now many active paleozoologists hardly understand 
what these words imply. In some respects the higher the taxonomic 
group, the less subtle and difficult are the methods of group inference. 
Moreover work on the higher groups seems more imjwrtant and it is a 
field that neozoologists have recently tended to underemphasize. Thus 
paleozoologists have not made any sc^rious effort to study such small 
groups as subspecies, partly because they did not know how and partly 
because they did not want to spend time on what they felt to be a rela- 
tively unimportant subject. 

These differences of method and aim are mainly historical and psycho- 
logical and are not likely to persist except as they are forced by necessity. 
The fact is, however, that paleozoologists do not have the materials for 
recognition of the horizontal subspecies of most of thejr species and that 
thej’ ai-e not likely ever to have them except in a minority of special 
casc's. Such subspecies can only be truly defined on the basis of a con- 
siderable sequence of adequate, contemporaneous samples scattered 
over most of the range of the species. Paleozoologists have few sample 
sequences of this sort (with an increasing numl>er of exceptions mostly in 
the Pleistocene), and it follows from the conditions of deposition and 
preservation of fossils that they will never hav<» adequate sequences for 
a majority of their species. ' 

They do have now a few and certainly will have many more scries of 
scattered samples that cover not the whok* areal and ecological range of a 
species but at least the range of more than one subspecies, ^fhese permit 
and will eventually necessitate the use of the 8ul)specific category in 
paleozoological taxonomy, work that certainly can lx* but has not yet 
been properly done. Even in such cases, however, it is quite impossible 
to guarantee the contemporaneity of dispersed samples within a few 
millenniums. This introduces temporal as well as spatial variation and 
hence there is an element involved in the* relationship of taxonomic to 
phylogenetic paleozoological subspecies that is necessarily somewhat 
different in kind from this relationship in neozoological sulwpecies. 

It results from the sampling conditions that a majority of fossil species, 
as they are known and definable, are essentially monotypic for any one 
time, that only one subspecu*8 is usually represented by the available 
demonstrably contemporaneous samples of a species. It follows, with 
apparent paradox, that the paleozoologist, who rarely mentions sub- 
species, deals almost exclusively with subspecies rather than truly dealing 
with species. The group that he cwi and does really envision fnini his 
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aimplefi is umiatly a subspecies, but since no other subspecies of the same 
species is usually known to him, this inferred subepecific group is taken 
to represent a species. It is, in fact, the species of most paleozoological 
taxonomy. Since it is probable that most extinct species did have two or 
more subspecies in nature, this involves a systematic difference between 
paleozoological and neozoological taxonomy. Having only one sub- 
species in each species (as a rule), the paleozoologist has no occasion to 
distinguish subspecies of one species, but only to distinguish subspecies 
each of a different species. Thus he may be and usually is defining sub- 
speci(*8, although this has so little evident importance or practical signifi- 
cance that it is not even noticed, and he is diagnosing (not really defining) 
species. 


VERTICAL UNITS 

The great, special problem of paleozoological taxonomy is the definition 
and Hulxiivision of units that have an extension in time as well as in 
space. If species arose discontinuously, as claimed by Goldschmidt and 
a few others, the problem would not exist, or at least it would be no 
different from the recognition of the de facto discontinuous species of 
horizontal classification. In such a case, there would be a definite point 
in time when each new species arose and the specific boundaries would be 
real and visible, as much so as if species were invariable units resulting 
from divine creation. Then subspecies would also be without gradations 
into any units except other subspecies and, with suflBcient samples in 
hand, should be absolutely definable as single phylogenetic branches even 
though they changed slightly in time. Although somewhat less clear- 
cut, genera, too, would be rather easily definable; they might not arise 
full-blown at one step, but could at least be separated at a sharp inter- 
specific boundar>\ 

From a practical point of view this pleasingly simple situation does 
actually exist for a considerable part of paleozoological taxonomy, 
whether or not this theoretical reason for it be accepted. A large number 
of species and genera do appear suddenly, without closely similar prede- 
cessors, in the paleontological record and do disappear just as sharply, 
without known immediate descendents. As long as this condition of the 
evidence exists, classification is simple and requires no special considera- 
tion of the time dimension, w^hether the condition is supposed to arise 
from the non-existence or from the non-discovery of intermediate stages. 
A century ago, this was so universally the case with known species that 
paleontology w^as regularly cited as evidence against the theory of organic 
evolution. ITie apparent sudden origin of species is no longer universally 
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true but it is still true often enough to \ye eited — not, as a rule, l)y paleon- 
tologists — as evidence against the eontmuity of morphological evolution. 

Whatever may be held as to the causes of the breaks or as to the uni- 
versality of continuity, there are now many known examples of longer 
or shorter sequences in which there is no definite and real discontinuity, 
each population more or less overlapping in variation those* preceding 
and those following it. but which change so much that every taxonomist 
places the earliest and latest members of the line in different sfM'cies or 
genera. CMearly a species as a subdivision of such a temporal, or vertical, 
succession is quite a different thing from a s|)ecies as a sjiatial, or hori- 
zontal, unit and cannot be defined in the same way. The difference is so 
great and, to a thoughtful paleozoologist, so obvious that it is ])ro|)er to 
doubt whether such subdivisions should lx* called species and whether 
vertical (dassification should not proceed on an entirely different plan 
from the basically and historically horizontal Linnaean system. 

In line with these theoretical or philosophical misgivings, various dis- 
tinct terms have been proix^sed for successive stages within a single 
vertical line. Of these “mutation,” as pro|)osed by Waagen (IHtiO), is 
most important and it alone has lK*en very widely us(»d. Unfortunately 
the geneticists, most of whom seem to l)e unaware* that this is the prior 
and historically correct u.se of the word “mutation,” have uw*d the same 
ter m with a sharply diffen'nt and yet obliejuely related meaning. A great 
deal of misunderstanding and of mutual irritation U'tween geneticists 
and paleozoologi.sts ha.s resulted. Now the pa leoztx /legists may just as 
well abandon their priority and admit that the genetici.sts have carried 
the day and have succeeded in purloining the woi’d. We have no more 
chance of retrieving it than the Indians have of retrieving Manhattan 
and the soon(*r we abandon it com|>l(*tely, tire soon(*r we will Ik* able to 
express ourselves intelligibly to the geneticists, and in turn to understand 
them without unnecessary difficulty 

So far none of the varied proposals for non-I/innaean arrangement and 
nomenclature of vertical units and their succc'ssive subdivisions has lK*<*n 
widely accepted and none seems promising at present 1'his is not the 
place to go into detail as regJvrds the reasons for this failure or the serious 
and intricate difficulties of the problem, and it is emjrhatically not the 
occasion for making any new pro^Kisal of this kind. 

We do, in fact, use the same system of nomenclature for sulKlivisions 
of a vertical line as for subdivisions of a horizontal distribution. The 
tendency of paleozoological practice is this: succesm'c taxonomic units 
are inferences as to morphological units such that the net difference in mor- 
phology between corresponding parts of those units is of the same order as 
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that between hont&nlal units of the same rank in the same or aUied groups. 
For instance, in the main line of horse evolution, the average difference 
in structure between successive genera tends to be of about the same order 
as the average difference between closely allied but distinct contempo- 
raneous genera of perissodactyls. No claim can be made that this prac- 
tice is perfect or even that it is theoretically desirable, but it is what 
paleozoologists really tend to do, it works fairly well for them, and no one 
has yet proposed a system generally believed to be more promising. 

The line between such units within essentially continuous sequences 
must, of course, be arbitrary. Although the average difference between 
successive genera or the difference between their medial or central (not 
necessarily typical in a technical sense) species is comparable to that 
between contemporaneous genera, the difference between the last popu- 
lation placed in one genus and the first placed in the next may be, and in 
the postulated circumstances must b(*, comparable to that between con- 
temporaneous subspecies or still more nearly related groups. Although 
specialists usually seem to reach some sort of working agreement as to 
the most convenient approximate position for these artificial boundaries, 
their exact position is determined by no general rule or critenon and 
naturally remains subject to doubt and dispute. 

In practice the boundary is usually placed in one of two ways. Quite 
commonly, the sequence in question was not really continuous when its 
successive units were first defined — that is, knowledge of it was not 
continuous. The gaps in knowledge were then used to separate the 
units. When the series is filled in, the lx>undaries are inevitably placed 
somewhere within what were the gaps. If the accidents of discovery 
had first revealed other points along the line, the eventual subdivisions 
of the complet-ed continuous sequence would have been in quite different 
positions on it. If the gap was large, there is a strong tendency for the 
worker whose material fills the gap to define a new unit rather than to 
refer his novelties to one or the other of the adjacent units, even when 
such a step is not warranted by the pragmatic rule of comparable morpho- 
logical scope in units of the same rank. This human tendency to seek 
the solution of problems by evading them makes more difficulty in the 
end because eventually it only means that two boundaries have to be 
settled where only one existed before, or was necessary. Hence arises 
much of the needless splitting and complication in paleozoological 
nomenclature. 

The second and somewhat more rational but not always more practical 
way of arriving at such boundaries is to select some feature or features of 
essential importance chaiaotmsing a genus or species and to draw the 



SIMPSON: CRITERIA IN ZOOLOQY AND PALEOZOOWQY 173 


line where this character becomes dominant or universal in the evolving 
population. The character may be'selected because it is easily observed 
and helpful to a hurried taxonomist in his capacity as sorter and cata- 
loguer of specimens, e. g., the crochet in Parahtppiia, Or it may be a 
character of primary selective value in the economy of the animals con- 
cerned, e. g., cement in Merychtppus, Usually both factors operate in 
varying degree. Even such characters do not arise all at once and they 
still define a region rather than a point in the sequence, but if they are 
well-chosen they certainly provide the best possible basis for such sub- 
division. This sort of cri tenon is not, however, available in all cases, or 
even in most. It generally involves the appearance of a new structure 
or character and this is a rare event in evolution compared with the 
gradual modification of an existing structure. Thus the criterion can 
seldom be used to distinguish successive species, which are much more 
numerous than are the now structures involved jn their evolution — 
another reason why so-calle<l qualitative characters are commonly be- 
lieved to have inherent .superspeoific rank. 

Seen in narrower perspective, the taxonomically troublesome con- 
tinuous vertical sequences of paleozoolugy are closely analogous to the 
horizontal sequences of neozoology called dines by Huxley (1938). 
Although no new principle or discovery is involved in this rc*statement of 
known facts, the terms of this restatement do involve a new way of Iwik- 
ing at the facts and this will, 1 think, prove to have far-rea<*hiitg and even 
fundamental effects on zoological theory. Sufficuut study of this aspc*ct 
of the matUM* leqiures considerable iletail and I have in hand a sjx»<*ial 
paper on it that I plan to present elsewhere. Jt is, however, sufficiently 
pertinent to the pr<»s<mt subject to demand mention here and to warrant 
the inclusion of one illuminating example. 

As originally proposed, the idea of a continuous cluie is that of a se- 
quence of contemporaneous i>opulations arrayed geographically and 
intergrading in progressively changing morphological charact^'rs. Al- 
though many such sequences probably als<» show some gradation that is 
solely phenotypic, the gradation is normally maintained by genetic ex- 
change, actual interbreeding of adjacent segments of th<» (xipulation. 
Now if a sequence of successive populations is arrayed t/emporaily, it 
normally shows a similar sort of continuous inU^rgradation in progres- 
sively changing morphological characters. The cause is different (al- 
though not unrelated), but the objc‘ctive swpjences are so precisely 
analogous that I see no reason why these may not usefully be given the 
same name: clines. Olines may, then, be distinguished according to the 
variate that is used to define the array. In one case the arrangement is 
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geographical and these may be called choroclines, i. e. ^ ‘space dines/' 
In the other, the arrangement is temporal, and these may be called 
chronoclines, i. e. “time dines." 

The following example illustrates a typical chronodine and serves to 
point the contrast lx»tween defining a vertical chronodine, with various 
successive horizontal subdivisions, and defining “vertical species" in the 
usual sense. Data are given for only a single variate, but other variates 
in the same samples confirm the conclusion, some more and some less 
clearly. The named stmtigraphic sulxii visions from which the samples 
come arc* arranged in temporal sequence from left, Clark Fork, oldest, 
to right, liost Cabin, youngest. Ectoaon is a genus of primitive ungu- 
lates, condylarths, typical of this part of the North American faunal 
8<»querice. (See also Simpson, 1937h.) 

The “vertical species" of the table represent routine identification by 
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my predecessors at the American Museum and by me in earlier years. 
They follow what was, and still is to a large extent, standard practice in 
paleontology. Such practice is supposed to produce a cla<«sihcation in 
which the vertical, time element is taken into consideration, because the 
species are commonly given such a dimension and shown as running ver- 
tically through various horizons. In this case, and innumerable others 
similar in character, tliis supposition now seems to me naive. Study of 
the distributions as a whole shows beyond much doubt that the “s|)ecie8'' 
of this system are purely subjective size grou|>s. They do not tend to 
correspond with any real, defined populations that existed in nature and 
therefore they are not really spi^cies in any sense of the word. Instead 
of taking the effect of the time dimension into consideration, they ignore 
and conceal it. 

Although it is always possible that some extraneous sfK^cimen has 
crept in, what seems really to have hapf)cn(*d in this cost* is that the 
sample from each horizon was derived from an essentially homogeneous 
population. Each of these (more or less) contemiX)ran(H)us i)opulations 
appears to have bcH^n deprived from that precc'ding it in the same general 
area and to have given rise to that following it. At any on(» time there 
was then only one species, apparently only one subs|)ccies, and the 
genetically continuous, ancestral-descendant, waies of i)opulation8 gradu- 
ally changed in morphology, most noticeably in size* as shown by the 
exemplifying data of the table. The resulting pictiirc* is typically that 
of a dine, and in this case a chronodine. 

Such a dine as a whole might be given any taxonomic rank in the 
Linnaean system, deptmding on how great is the morphological difference 
l)etween known early and late membei’s. In the example*, my judgment 
is that the chronodine is of spc^cific scop(*. This is Hupport(*d by the fact 
that all the ranges of the unit populations overlapped. (The samples do 
not overlap in every character, but some of the samples especially that 
from the Lost Cabin, are very small and the populations almost certainly 
did overlap.) Even in Lost Cabin times there were undoubtedly some 
Ectocions of this lineage that were a^ small as some of the larger indi- 
vidual variants in the lo^g precedent ( /lark Fork and that could indeed 
hardly be distinguished from the latter if th(*y were compared as in- 
dividuab.* 

♦Here it a pobt that ii a lubject for criticUm, not to <ay ridicule, anoof aome palMOtolofiaU of tba 
old achool. If two ■pecimens cannot be dieting uiehed, «*cepl by trivial vanatlonaadmitUdry leee than 
can occur within a aubepccieet how can one natniatn that tney arc taionomically dieUnctr If a foaeil 
caJB only be i^ntified when ite horiion ie known, what ^omee of the whole baeie of paleontolMical cor- 
relation of horlaons by the identification of their foaatle? Both objectioui are baaM on the fallacioua 
tendency to compare indtniMoU when the correct compariaon la of The groupa aa auoh are 
here readily diatinfoiakable even though aome Indivtduala are not. Valid Inference of gronp char actera 
requirea aome homogeneity aa to tine, and hence aone apecificaiion aa to horiaon. 
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The chrcmocline is thus essentially continuous and is definable as a 
species, for which in this example the valid name is Edocton onhcrnianuB, 
This natural chronocline species is of course quite different in character 
and limits from the wholly artificial “vertical species” hitherto given that 
name. Since the species consisted of morphologically different popula- 
tions at different times, it is both theoretically and practically valuable 
to have some means of subdividing it and of designating different stages 
in its development. It appears that each of the samples, sorted by 
collector’s specifications, is distinguishable from the others in average 
characters, so that the number and character of the chronocline subdivi- 
sions arc automatically determined by the stratigraphic subdivisions 
recognized and recorded by the collector. If he had used different 
stratigraphic units, the taxonomic units would also be different. The 
lines drawn between the different taxonomic subdivisions are in this sense 
arbitrary. It does not •follow that the taxonomic groups are artificial 
or unreal : they are natural groups approximating populations that once 
existed in nature. In this they differ profoundly from the completely 
artificial “species” of the old classification. 

Since the chronocline has been designated by a Linnaean binomial, its 
subdivisions may conveniently be designated by trinomials. This is 
also justified by the fact that their average scope, resemblances, and 
differences are fairly analogous to those- of subspecies along a chorocline in 
neozoology. Although paleontologists only very exceptionally have 
materials permitting the recognition of subspecies such as enter into 
choroclines and are recognized by neozoologists, they frequently have 
materials fully adequate, when carefully analyzed by group methods, 
for the recognition of analogous units in chronoclines.* 

In studying choroclines, some are found to have almost even slope (in 
graphic terms) from one end to the other, while some have distinct 
plateaus bounded by shorter steep slopes or narrow transition zones. 
Ideally, it is the latter phenomenon that permits the definition of well- 
defined and homogeneous subspecies. There is considerable evidence 
that a similar phenomenon occurs in chronoclines on a much larger scale. 
The chronocline analogue of the steep transition zone in a chorocline is a 
relatively brief period of relatively rapid evolution. Even within an 
essentially continuous sequence, an acceleration of this sort provides a 
definite and natural boundary zone (although not a line or point). For 
many reasons too complex to list here, it is clear that these zones of ac- 
celeration are least likely to be represented by fossils, and are almost sure 
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to be more poorly represented than are the periods of more even and 
slower evolution. Thus it happens that the inevitable and at first sight 
merely accidental division of vertical units by gaps in the record does 
probably tend to approximate a real and important sort of division in 
phylogeny. This phenomenon apparently has little bearing on the 
lower levels of taxonomy but it has probably been active in relation to 
some genera and may usually be involved in the delimitation of higher 
taxonomic categories. 
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CRITERIA FOR SPECIES AND THEIR SUB- 
DIVISIONS FROM THE POINT OF 
VIEW OF GENETICS 

By 

W. Frank Blair 

University of Michigan, Ann Arbor, Mtchtgan 

INTRODUCTION 

The problem of the evolution of species has been much clarified in 
recent years. Progress has been possible principally l)ecau8e the data 
from the separate disciplines of genetics, ecology, biogeography, and 
morphology all have l)een brought to l)ear on the problem. The present 
discussion pertains to the evolution and classification of the vertebrates. 
The evidence to be presented is mostly from the field of mammalogy, 
partly because' of the author ^s s]>e'cialization in that field and partly be- 
cause of recent progress toward an understanding of the evolution of 
mammalian species. 

Most modern geneticists, with the notable exception of CJoldschmidt 
(1940), agree that species develop through isolation and the gradual ac- 
cumulation of minor mutations in the isolated stocks These mutations, 
of course, may affect the physiology of the stocks as well as their physical 
charact(»rs. This is speciation through microevolution. The opposing 
view of Goldschmidt, that species arise by macroevolution — that is, 
through sudden, major, or systemic mutations- -cannot b(» discussed here 
for want of time. Suffice it to say, however, that most geneticists are 
convinced that speciation occurs through micros* volution and that the 
evidence to be presented here supports this view. 

RACIATION 

Most species of vertebrates, if they are at all widi'spread, are divisible 
into numerous geographical races. Many of the more obvious of these 
races have been named; they constitute the 8ub8|)ecie8 of vertebrate 
systematists. Each geographical race is in contact with* one or more 
other races of the same specie.s. These races are fertile each with the 
others (Dice, 1933), and along the contacts they form intergrading popu- 
lations. Where contact is prevented by ecological barriers, the races 
concerned are connect-ed by iatergradation through chains of races. 

( 179 ) 
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Consequently, a mutation tM arises in any geographical race theoretic- 
ally could be dispersed ultimately to all of the other races. 

The differences between geographical races are hereditary, and the 
genetic differences between races are no different than those between 
individuals. This first was proved by Sumner ( 1 932) and later confirmed 
by Dice (1937 and other papers). There is some evidence (author^s un- 
published data) that the tremendous raciation in at least one species 
(Peramyscus maniculaiiis) involves but a relatively small number of genes. 
How then do we account for the existence of numerous geographical 
races if the stock of genes is relatively small and there is the opportunity 
for transfer of these genes to all parts of the interbreeding population? 
The logical explanation is that geographical races indicate ecological 
trends (Dice and Blossom, 1937). From the stock of genes available in 
the entire population of the species or incipient species, selection has, in 
any given environment, weeded out the genes that are non-adaptive for 
that environment and has conserved those that are adaptive. Selection 
pressure will act to maintain the most successful genetic combination in 
spite of gene mutation and the spread of genes from other races of the 
same species. 

As the environment varies geographically so will the most successful 
gene complexes vary geographically. The geographical races that have 
lx»en named represent, for the most part, major ecological trends. W ithin 
the area of one of these major trends many minor variations in envi- 
ronment occur, and, likewise, many local variations in gene complexes (see 
Dice, 1940a). Thus, a geographical race usually is but a part of the 
species population that is adapted to a particular environment, and many 
locally adaptive variations may occur within its limits. Geographical 
races also may be produced as a result of the random drifting apart of 
small, partially isolated colonies (Wright, 1931). 

Raciation and speciation are distinctly different evolutionary processes. 
Geographical races are not necessarily incipient species (Dice and Blos- 
som, 1937 ; Goldschmidt, 1940; Wright, 1940). The process of speciation 
is initiated by the isolation of a part of the previously interbreeding 
population. The part of the population becoming isolated mighty con- 
ceivably comprise a geographical race, but it might comprise, instead, 
only a part of a geographical race or several races. If the split did occur 
along racial lines there would be an illusion of rapid divergence because 
of the initially different gene complexes of the two populations. How- 
ever, there is no reason whatsoever for believing that under such condi- 
tions isolating mec h anis m s would be developed any more rapidly or that 
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infertility would appear any sooner than if the split had occurred inde- 
pendently of racial lines. 


SPECIATION 

Speciation occurs as the result of: (1) isolation of one or more parts of 
a previously interbreeding population, (2) morphological differentiation 
as the result of differential mutation and selection pressure, and (3) the 
development of mutual infertility through genic or chromosomal changes. 

The process of species differentiation is reversible up to the point at 
which the diverging populations become so different genetically that 
the interchange of genes is no longer possible. Geographical barriers 
may be overcome by the spreading out of one or the other of previously 
isolated populations until the two populations merge. Ecological isola- 
tion may break down. A. P. Blair (1941) believes that man-made eco- 
logical changes account in part for the present hybridization in nature of 
certain toad populations. These previously had so diverged morpho- 
logically and ecologically as to be ranked as taxonomic species. He sug- 
gests that this may be a case of fusion and disintegration of species. 
Psychological barriers are only relatively effective, and they may be 
overcome under certain conditions of population pressure. Hubbs and 
Hubbs (1932) believes that hybridization of sunfishes occurs as the result 
of intensive population pressure and limited spawning grounds in certain 
types of pools. Miller ( 1941) found numerous instances of hybridization 
of juncos due to the partial failure of one or more these isolating 
mechanisms. 

To maintain a completely dynamic point of view, we must rememlxr 
that the process of speciation can be reversed so long as isolation is main- 
tained only by geographical, ecological, or psychological barriers. One 
of these isolating mechanisms or a combination of several may operate 
at any one moment to effectively bar the interchange of genes between 
two incipient species, but there is no certainty that future events will 
not break down the barrier. It is only when the interchange of genetic 
material between the populations is made impossible by infertility that 
an irrevocable step in speciation is taken. 

The .conventional taxonomic system obviously does not distinguish 
between the differentiating populations that have, and those that have 
not, passed the point of irreversibility. A dynamic system of-classifica^ 
tion is needed, therefore, to show the evolutionary relationships of these 
natural populations. We propose to utilize such a system here- In this 
system, the criteria for discriminating between the different classiflca- 
tory units are genetic. Strictly speaking, these criteria concern the 
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ability of different evolutionary units to exchange germinal materials 
with other units. Applying these criteria, we have two categories of 
species populations: (1) those that are isolated from ail other populations 
by reason of sterility and (2) those that are isolated at any given moment 
by mechanisms short of intersterility. 

Incipient species — that is, diverging populations that have not yet at^ 
tained intersterility — we propose to call just what they are, incipient 
species. As we define it, an incipient species is a natural population that 
U at leant partially fertile with some other population hut is inhibited from 
breeding with it by some isolating mechanism or mechanisms. For popula- 
tions that have reached intersterility, a satisfactory term already exists 
in botanical literature. The cenospedes as proposed by Turesson (1922) 
and used by Gregor, Davcy, and Lang (1936), Clausen, Keck, and Hiesey 
(1939), and others corresponds to this category in our system of classifi- 
cation. The cenospeoies, as redefined here to apply to animals as well 
as plants, is a natural population that ts infertile (can produce only sterile 
hybrids or none at all) with every other population. 

In setting up a dynamic system of classification that is complementary 
to the orthodox system instead of attempting to change the latter system 
to fit the experimental data, we have followed the example of the experi- 
mental botanists. These workers probably followed a wise course in 
not attempting to revise the orthodox system during the early stages of 
experimental taxonomic research. However, such a course merely post- 
pones the day when a major revision of the conventional taxonomic sys- 
tem must be made to utilize the criteria furnished by the experimental 
method. It seems to the present author that the problem of revision is 
one for the taxonomist. 

The incipient species of our classification corresponds in many, but not 
all, cases to the taxonomic species. The cenospecies, likewise, corre- 
sponds in many, but not all, cases to the species-group, an informal cate- 
gory, of systematic mammalogy. However, some taxonomic species are 
conterminous with the cenospecies. Until such time as the conventional 
system of classification is revised to use the criteria furnished by the ex- 
perimental method, the term species must be restricted to museum spe- 
cies, that is those species units based on morphological and geographical 
criteria alone. It should be kept in mind that these museum species do 
not necessarily represent evolutionary units. The terms incipient species 
and cenospecies are to be used only when the evolutionary relationships 
of the populations concerned have been established by experiment. 

A nomenclatorial problem arises here, because no formal category of 
the ofder of the cenospecies is recognized in orthodox systematica. In 
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the following discussion the name of each cenospecies is made to coin- 
cide with the first formally recogniasecT species name within its limits. 
This usually corresponds to the name of the species-group as used in- 
formally in mammalian taxonomy. 

Speciation in Peromyscus 

The species-group of mammalian taxonomists has Ijeen sliown by ex- 
pel iment to fit our definition of a cenospecies in at least some cases. 
Dice (1933) has shown that in all crosses attempted between subgroups of 
a species-group at least some fertile offspring were produced, but no off- 
spring were obtained in attempted crosses between species-groups. 

Speciation in Peromyacua has been studied more intensively than in 
any other group of mammals, due primarily to the early work of Sumner 
( 1932, for list of publications) and the work of Dice (1940a, and numer- 
ous other papers) and his collaborators. Nine appare;nt cenospecies of 
Peromyscus occur in North America north of Mexico. Four of these 
cenospecies, cahfomtcus, cnmtuSy nuttalli, and flondanus^ have no sub- 
groups of significance in speciation, although most have undergone some 
raciation. Two other cenospecies, hoyhi and eremicus, are each split into 
two apparently separate breeding arrays, each with its own geographic 
races. In the first of these cases, the two arrays, bo^fhi and pecioralts^ 
occur together in the same regions and in the same ecological communi- 
ties However, the fertility relationships in this case, and in th<» case of 
the two subgroups of eremicuSy eremtcus anti memami, *re as yet obscure. 
The three remaining cenospecies of Peromyscus have provided most of 
our evidence about the course of speciation in this genus. 

The cenospecies leucopvs is split into two separate breeding arrays, 
which have been named, respectively, leucopus and gossypinus. The 
range of leucopus extends from southern Mexico north to Montana and 
east to Nova Scotia, but it does not extend into southern Alabama, 
Georgia, South Carolina, nor into any part of Florida. On the other 
hand, gossypinus ranges from Florida west to eastern Oklahoma and 
Texas, north to Tennessee, and east to .southern Virginia. The ranges 
of the two populations overlap in a broad strip extending from eastern 
Texas and Oklahoma to Virginia. I^he lew^opus and gossypinus cross 
freely in the laboratory and produce fertile offspring (Dice, 1937a). 
However, Dice (1940b) found no evidence, of hybridization between the 
two arrays where they occurred together in the Dismal Swamp region. 
Osgood (1909) found in museum materials no evidence of hybridization 
of the two, and consequently treated them as taxonomically distinct 
species. 
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The leucapua and goaaypinua arrays constitute two separate incipient 
species in our system of classification. The two arrays combined com- 
prise a cenospecies, Which is recognised to be split into the two diverging 
populations. The separation of the two populations probably occurred 
in the not distant geological past. The goaaypinus population could 
possibly have become separated from the parent leucopua-gossypint^ 
population during one of the Pleistocene inter-glacial periods, when, due 
to a raised sea-land, much of the peninsula of Florida existed as a large 
island (see Cooke, 1939). When, with a lowering of the sea level, this 
island again became connected with the mainland the opportunity arose 
for this population to spread out over the southeastern coastal plain. 
Today, this spreading has reached the point where the two populations 
overlap broa^y. During the course of the separation, however, the 
two populations l||hre diverged morphologically to the extent that they 
differ in the sise of certain parts of the body. The morphological differ- 
ences between the two arrays, however, are no greater than those that 
exist between some races of the leucopua array. The most important 
divergence between the two populations, though, seems to have been a 
psychological one. This acts as an isolating mechanism to prevent inter- 
breeding now that the home ranges of the two arrays overlap. So long 
as this isolating mechanism effectively prevents interchange of genes 
between the two populations the two are free to drift apart through differ- 
ential mutation and selection. No infertility yet exists between the two, 
however, so the process of differentiation still is reversible. The psycho- 
logical chasm between them possibly may yet be bridged under some 
conditions of population pressure. In our classification, the populations 
of leucopua and goaaypinua, therefore, are to be considered incipient 
species. 

The cenospecies maniculatua is broken into several apparently discrete 
breeding arrays. The genetic relationships of only two of these arrays, 
manietdatua and polionotua have been investigated. The rmniculatua 
population ranges over most of North America from southern Mexico to 
Alaska and Labrador, but like the leucopua array of the cenoapecieB leuco- 
pua it does not range into the southeastern comer of the United States. 
It is replaced there by a geographically isolated, morphologically differ- 
entiated array, polionotua. The separation of these two arrays within 
the cenospecies maniculatua probably was brought about by the same 
event that split the cenospecies kucopua into two separate populations. 
Actually, the polionotua array comprises not one geographically isolated 
breeding population but three or more, for populations of these mice occur 
on at least two islands. The island populations are as effectively isolated 
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from the mamland population as that population is from the manicuUUm 
array. The island populations, the subspecies leucocephalua and plaama 
of S3^tematic mammalogy, must be considered incipient species under 
our system, just as the mainland population must be considered such. 

The fertility relations of these populations, in so far as we know them, 
are extremely interesting. The mainland population of pohonotm 
crosses with the maniculatus population in the laboratory and produces 
fertile offspring (Watson, 1942). Furthermore, the leucocephalua 
population from Santa Rosa Island, Florida, crosses readily with the 
mainland population of pohonotus and produces fertile offspring (Sumner, 
1 930). It would seem, thus far, that no infertility has appeared lietweeii 
any of these incipient species. However, in crosses in which a laboratory 
stock combining the germinal materials of the Santa Rosa Island and 
mainland populations was mated with representatilj^ of the maniculatus 
array some unexpected results were obtained (author^s unpublished 
data). Only a few of the matings produced offspring. The Fi animals 
were only partially viable, and many died shortly after birth. The sex 
ratio was unbalanced significantly in favor of females. The Fj females 
wore fertile, but both fertile and sterile Fi males were produced. The 
sterility of some Ft males appears to be due to gross disturbances in 
spermatogenesis (this is being investigated by Moree, unpublished). 
The logical explanation is that the leucocephalus population contributed 
the partial infertility with mamculatuSj since the mainland pohonotus 
population has proved fertile in crosses with rnanicvfotus. This is being 
further investigated by crossing pure leucocephalus mice with manicuIaiuH, 

If our assumption is correct that the partial infertility in the aliove- 
mentioned cross came from the leucocephalus population, then that popu- 
lation has diverged farther from the mamculaius array than has the main- 
land pohonotus population. Physically, the differences exhibited by the 
pohonotus, leucocephalus and maniculatus populations are no greater than 
the differences between some of their geographic races. 

The leucocephalus population differs genetieally from tnamculatus in 
at least one important adaptive character. A single unit factor for the 
dorsal extension of ventral white (white cheek, in author’s unpublished 
data) is dominant over the '^normal” condition found in maniculatus. 
There also is, in leucocephalus, a series of modifiers that act to extend the 
white progressively farther and farther onto the dorsal surface (see 
Sumner, 1930). All leucocephalus that have been examined are, pheno- 
typically at least, white cheek, and all representatives of the maniculatus 
array are ‘’normal.” In the mainland pohonotus population, littoral 
races are genetically white cheeked, while interior races are “normal “ 
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If, in the course of future events, leucocephalus should develop com- 
plete infertility with maniculatus and the mainland polionotus population 
should become extirpated, then the great difference between the white 
cheeked leucocephaltis and the * ^normal” manicylatus would constitute 
one of the so-called ^^bridgeless gaps’’ on the basis of which Goldschmidt 
(1940) attempts to discredit speciation through microevolution. The 
gap would be bridgeless, of course, only at that hypothetical future date 
and only after the connecting links had disappeared. 

The ccnospecies trim affords the last example of speciation in progress 
that wo will discuss. In the southwestem United States this cenospecies 
is split into two distinct breeding arrays, the taxonomic species iruct and 
' noButua, each with several geographic races. The geographic ranges of 
these two arrays otelap broadly, and in many places the two occur 
together in the sMe ecological associations (Dice, 1942). The two 
arrays can be separated easily on the basis of morphological characters, of 
which the most distinctive are the size of the external ear, size of the 
auditory bullae, and relative length of the tail. Kepresentatives of the 
two arrays can lx* crossed in the laboratory. The Fi females are fertile, 
but the Fi males all are sterile (Dice, 1937b). No hybrids l)etween the 
two have IxH'n found in nature. It seems evident, therefore, as Dice 
(1942) has pointed out that some psychological bariier must prevent 
breeding lx*tween the two populations. 

The truei and ndsutus populations represent a closer approach to 
mutual infertility, and consequently to the irreversible stage in speciation, 
than is evident in the other cases of incipient speciation that we have 
discussed. Tlie lowest stage of speciation in our material has been 
reached by the leucopua and gossyptnus arrays, which, apparently while 
geographically isolated, have diverged morphologically and have de- 
veloiied a psychological barrier sufficient to prevent interbreeding now 
that the populations are in contact. The divergence between the 
maniculatus and pohonoius populations is of approximately the same 
order, and so is that between pohonotus and leucocephalus. The differen- 
tiation between the leucocephalus and tnamculcUus represents a further 
step in speciation, for partial infertility has developed. The truei and 
nastUus populations represent a still further step, for in this case all 
hybrid males are sterile. When the hybrid females, too, become sterile 
the divergence of these populations one from the other will have passed 
the point from which there is no turning back. However, until that point 
is reached there always is the possibility that the psychological isolating 
mechanisms may break down and thus permit the furion of the two 
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populations. Therefore, truei and nasutus still are but incipient sptH^ies 
under our dynamic system of classification. 

The incipient species of Peromyscu^ exhibit several noteworthy evolu- 
tionary trends. In the two cenospecics lettcopus and mamrulatus, 
graphic isolation app(*ars to have been the first step in spei'iation The 
evidence admittedly is circumstantial, but it set'ms clearly iiulicattHl 
that within these cenospt^cies ^‘physiological isolating mc'chanisins” (see 
Dobzhansky, 1941: 257) were developed only after g(H>graphic isolation 
had taken place. If these cases are representative', then gt'ogiaphic 
isolation is of paramount importance in speeiation. A similar view of 
the importance of geographical isolation is held by Miller (1941) in 
respect to speeiation in j uncos. The principal morphological differences 
in the diverging populations, both in leucopm and mamcuUitns, are in 
size alone and apparently are non-adaptive. TheJ||^phologicaI differ- 
ences between the diverging arrays of the cenos}>eciiWi^, which repn*- 
sent later stage's of s|>e(*iation, are diffei*en(‘<'s of pro|)oVtion as well as of 
size, and probably are in part adaptive. Thc're is at least a suggestion, 
theiefore, that the first divergence in isolates! ixipulatioris may 1m* due 
to chance elrifting apart in non-adaptive characte*i*H. 

SUMMARY 

(leographical races usually inelicate ecoleigical trends; he*iice* they are 
not necessarily incipient species, Bpeciation e'omtNs alxnit threnigh the 
isolation, differentiation, and ultimate intersterility of j>arts of u pri'vi- 
ously interbreeding population. The proe*esh of sjx'Ciation is re‘V(*i*sible 
up to the |K>int at which the exchange e)f gtMies lM‘conH*h no longer 
possible because of intersterility. 

In a system of classification that maki's us(‘ of gt^iictic and ecological 
criteria, the cenospecics is defined as a population that is infertile with 
every other population. Any isolated population that has not evolv<*d 
far enough to l>e infertile with relate<i fiopulations is re^aided as an 
incipient species. Such a system shows relationships and evolutionary 
trends better than does the conventional taxonomic m(‘thod. 
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INTRODUCTION TO THE CONFERENCE ON 
PARASITIC DISEASES 

By Horace W. Stunkard 
New York Umveraily, New York, N. Y. 

For some time the officers of the Section of Biology have contem- 
plated a conference dealing with the biology of animal parasites, and 
although this subject is of primary and fundamental importance, it was 
felt that consideration of more immediate and practical aspects of 
parasitology might be of more value at this time. The study of animal 
parasites can no longer be regarded merely as an academic subject ; the 
diseases produced by thes(‘ organisms present one tbe momentous and 
pressing problems of today and tomorrow. The of American 

military and naval personnel to all parts of the world, especially to 
tropical and subtropical areas, and their operation under field conditions, 
has created an increasingly grave problem not only to the officers 
responsible for the health and efficiency of oui troops but to the civilian 
population as well. The timeliness of this conference is apparent to 
members of this group and requires no defense or justification. It is 
indicated by a widespread interest in tropical medicine of which parasitic 
diseases constitute the major component. This interest is manifesjied in 
many ways and was expressed in the symposium arrange d for December 
29, 1942, jointly by the American Association for the Advancement of 
Science, The American Society of Parasitologists, The National Malaria 
Committee, The American Society of Tropical Medicine and The New 
York Society of Tropical Medicine. Although th(‘ symiHisiuin was can- 
celled at the request of the Office of Defense Transportation, certain of 
the papers were presented under other auspices and the Theobald Smith 
lecture of the New York Society of Tropical Meilicine by Dr. Rum 
Castafieda was attended by many of the present audience. The urgency 
for a restatement of present knowledge and for consideration of imme- 
diate research projects in the realm of parasitic disease’s is so obvious 
that the officers of the Section of Biokig}^ are tei U* congratulated for 
arranging this conference. 

It is my assignment, and 1 find it a veiy agreeable one, to welcome 
you here today. On behalf of The New Y6ik Academy of Sciences, I 
wish especially tc express gratitude and appreciation to the men who 
have so generously contributed their time to the preparation of the 
fomial papers for this program. All of them are eminent in theii 
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respective fields and all are busy with added duties in connection with 
the war effort. It is the belief of the Committee that uninhibited and 
frank discussion will prove stimulating to members of the Conference 
and that it will suggest new avenues of approach for the investigation of 
current problems. An invitation to attend was extended to the members 
of the New York Society of Tropical Medicine and I am happy to greet 
so many members of our local Society. 

It may be appropriate and instructive to compare the training and 
experience in the treatment, control and prevention of parasitic diseases 
afforded members of the medical profession in the United States and in 
those countries with which we are associated and those against which we 
are opposed in the war. The medical departments of the armies of 
Germany, Italy and Japan have long been preparing for the conflict and 
extensive studies tap been carried on before the outbreak of hostilities. 
The staff of the wKtish army, likewise, was familiar with the problems 
and prepared to meet them. Indeed, through their colonial interests, 
the British, Gorman, French, Dutch and Belgians have long recognized 
the importance of parasitic diseases. The trail was blazed by medical 
missionaries, a small but unselfish and devoted band of men who, without 
particular preliminary training, learned about parasitic diseases at first 
hand and by empirical methods. The dc»velopment of commercial 
relations Iwtween the homeland and the colonies, the migration of 
Europeans to the colonies and their subsequent return, the more or less 
constant intercourse through shipping, the necessity of maintaining 
healthful conditions for Europeans and natives in the colonies, all have 
combined to bring the existence, prevalence and importance of parasitic 
diseases to the attention of the medical profession in these countries. 
As a consequence, the medical schools have developed strong depart- 
ments of parasitology either as integral parts of the institutions or as 
associated institutes. The schools of London and Liverpool were 
founded in 1899 and that of Hamburg the following year. The institutes 
of colonial medicine in the universities of Paris, Antwerp and Amsterdam 
have long provided special training in this field. It has been customary 
for young physicians, trained in European schools, to spend some time 
in the colonies and many of them have devoted their lives to this branch 
of medicine. The names of the more noteworthy are so well known that 
it would be redundant to enumerate them here. To further the instruc- 
tion in parasitic diseases, these medical schools have built up museums 
and teaching collections, and members of their staffs have b^n sent to 
diffmnt^parts of the world to assemble teaching material. Not only 
have they been engaged in teaching, but each of the institutes named— 
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and more particularly the Molteno Institute for Research in Para- 
sitology, at the University of Cambridge — has maintained an active 
research program. 

In contrast to the situation in Europe, the entry of the United States 
into the present war found the medical profession unprepared to cope 
with the problems which are arising as increasing numbers of American 
troops are sent into areas where tropical diseases are endemic. Possibly 
the majority of our troops in this war will serve in regions where the 
native population is heavily infected, where the probability of infection 
is almost a certainty, and where, under field conditions, preventive and 
sanitary measures must be inadequate at best. I think it would be a 
conservative estimate to say that some million or more Americans may 
acquire parasitic diseases, and the loss of efficiency and striking power 
on the part of the armed forces will be very greatly lieduced. Indeed, it 
has been reported that our defeat at Bataan was due as ipuch to malaria 
and other diseases as to the military factors concerned. The more or less 
constant repatriation of troops, incapacitated in the field, will mean a 
continuous importation of parasites that con8titut<‘s a menace to the 
health of the United States. Many of these diseasc^s will require weeks 
or even months for the development of symptoms and the presence of 
the infections may not be recognized for some time after the troops an* 
home. In the case of those diseases which are spread directly, only 
climatic factors and sanitary measures will limit th(‘ir establishment, 
once they arc introduced. In the case of those organis -is which require* 
an intermediate host for the completion of the life cycle, it is possible 
that some of them may find in the United States suitable vectors other 
than the original one. It is well known that, in the course of time, para- 
sites do acquire new intermediate as well as definitive ho.stH. The sheep 
liver fiuke is probably a classic example. C’nrried to all parts of the 
world by human migrations with their domestic stock, the parasite has 
foimd suitable new intermediate hosts in the many countrieij into which 
it has been introduced. In this country there are established schisto- 
some fiukes of birds, whose larvae cause swimmer’s itch, and 1 think it 
not unlikely thp-t there are species of snails which may Iwcome inter- 
mediate hosts for human schistosomes. Individuals of every species 
manifest variations and some variance of the parasite or of the host may 
permit completion of the cycle and establish tjie parasite. Of those para- 
sites which require insect or other arthropod vectors, the possibility of 
finding a suitable intermediate host is great and there may be as yet 
unrecognised species capable of transmitting the parasite. Indeed, in 
conversation, Dr. L. E. Rozeboom stated recently that he had found an 
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undescribed species of Phlebotomua in southern United States, which 
suggests the existence of possible infecting agents concerning whose 
presence we are not even aware. Not only is the situation serious from 
the point of view of men actually in service, but war conditions have in 
the past and presumably may now lead to outbursts of latent infections 
in the general population. More details concerning these subjects will 
undoubtedly be presented by the speakers on today's program. 

The distressing situation with regard to tropical medicine and para- 
sitic diseases, as it applies to our armed forces, is in large part due to the 
fact that in the past there has been little necessity for American physi- 
cians to familiarize themselves with parasitic diseases and that American 
medical schools and colleges have not given adequate instruction in' 
tropica] medicine. It is no secret that our medical instruction on the 
subject of parasitic diseases has been of the most desultory character. 
With notably few exceptions, the diseases caused by animal parasites 
have been considered incidentally in courses devoted primarily to other 
subjects, such as bacteriology, pathology or public health. Independent 
departments of parasitology, staffed by experts, have never been devel- 
oped in American medical schools. European workers have often 
expressed amazement that in the United States there is no institution 
devoted primarily to instruction and research in parasitic diseases. 
Nuttall, Brumpt and Fiillebom have voiced the opinion that since New 
York is the principal shipping and commercial center of the United 
States, it sdiould provide adequate clinical material and financial support 
for such an institution. In time of war it serves as one of the chief ports 
of embarkation and debarkation and the need for a diagnostic, thera- 
peutic and research laboratory becomes acute. The urgency will in- 
crease during the war and postwar period and provision should be made 
at once for the organization and establishment of a center for the investi- 
gation of parasitic diseases. 

In these introductory remarks, I have tried to sketch the general 
outlines of the situation, to enumerate a few of the more outstanding 
features, and to suggest at least one step that should be taken to meet 
current problems. 



CURRENT AND POSTWAR PROBLEMS 
ASSOCIATED WITH THE HUMAN 
PROTOZOAN DISEASES 


By L. T. C/'o(!geshall 
Univeritiiy of Michigan, Ann Arbor, Michigan 

INTRODUCTION 

The present war is providing nnparalh^led opixirt unities for the 
entrance into this eoimtiy of pathogt*nie agi'iits and diw'aw* vectors that 
have played little or no part in our past iiK'dieal history. ( 1iief among 
the diseases most likely to exert their influenci* over us is the protozoan 
group and their near relatives whieh thrivi* in tropical and subtropical 
an'as because of favorable climatic conditions ami lack of ad(*quate 
control. In the past, some have had their distribution limit(‘d to fairly 
restricted areas, largely because of climatic and physical barriers ^\hich 
affect host and parasite alike. However, th(‘ inajoritv have* a very wide- 
spread distribution and would seem to need only slight Jiid to extent! 
their boundaries into unaffected but re(*eptive t(‘rritory. A major 
jiortion of our troops on foixdgn soil is now in lughly tli^'ase-riddc'n areas. 
In some places they are acquiiing infections fix/m the nativ(‘ it^seiToirs 
at an alaiming rate. By the rehabilitation of sick troo} th(*s(* r(‘C(*ntly 
contracted diseases are being transposed to tin* Unitt*d States in larg(‘ 
numbers. Whether the infections succeed in <*stablishing tlH‘mselves in 
their new environment is yet to be learned but w(‘ cannot assume that 
they will disappear spontaneously because our soil is untru*nd]y. '1 hen»- 
forc it must be agr(*ed that all are potentially dangerous and unless 
energetic measures are instituted to cuib their activity W(‘ may fact* 
serious consequences. In this discussion I sliould like to prtsi*nt evi- 
dence for considering these foreign diseases and their vectors as im- 
mediate hazards to present and future* h(*alth. 

BIOLOGICAL BEHAVIOR OF PROTOZOAN DISEASES 

To understand why the Protozoa in particular and tlair relatives, the 
iilariac and schistosomes, are of special impor tance one n€*eils only to re- 
view their biological charactt*ristics. If 1 w(‘re asked what featun^s dis- 
tinguish them as a group I would reply that in general it would l>c <heir 
tendency to produce chronic infections and their inability to leav(‘ more 
than a transitory immunity in their respective hosts. With the excrp- 
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tion of the amoebae and the intestinal flagellates, the pathogenic agents 
under discussion have complicated life histories in man and their interme- 
diate insect hosts. The malarial plasmodia, trypanosomes, leishmaniae, 
filariae, and schistosomes possess strict requirements for survival which 
would seem to make them liable for extinction. On the other hand, they 
have compensated for this handicap by their capacity to exist almost 
indefinitely in man. It is to their advantage not to destroy their host 
but to establish a permanent host-parasite relationship. For example, 
both the amoebae and the intestinal flagellates persist almost indefinitely 
in the intestinal tract of man. The malarial plasmodia go through no 
less than twelve distinct morphological stages in man and mosquito. 
In the latter the infection lasts only a few weeks but in the human host 
it runs a very chronic course with a tendency to relapse repeatedly. 
Actually there are cases on record where malarial infections have lasted 
a score or more years. For example, there was a Greek in Denver who 
remembered having had a malarial infection in Greece shortly before he 
became an immigrant to this country at the age of ten. After residing 
37 years in Denver, where malarial transmission does not occur, he gave 
his blood for transfusion purposes and the recipient came down With 
quartan malaria. Upon examination of the donor’s blood circulating 
parasites were found, yet he had never had any symptoms referable to 
the disease in the interim between the initial infection and the transfu- 
sion episode. There are many other similarly authenticated reports, 
usually involving the quartan parasite, the most chronic of the malarial 
infections. Vivax and falciparum malaria are of shorter duration, but 
they do not die out when the acute mfection subsides. Any one of the 
returning infected soldiers, the majority of whom will have the dreaded 
falciparum malaria because they are largely in areas where that species 
is predominant, conceivably can serve as a focus for many months or 
even years The vector for malaria in the United States, Anopheles 
quadrimaculatus, is abundant as far north as the Canadian border. It 
is capable of transmitting all of the human plasmodia and will not need 
to depend upon a single exposure to become infected, but will have 
repeated opportunities to feed upon chronic or relapsing cases. 

Trypanosomiasis is one pf the dreaded tropical diseases and thus far 
has been confined largely to the tropics. The African form, sleeping 
sickness, is limited to the distribution of its vectors, the Glossina or 
tsetse flies. Both the African and Western Hemisphere varieties pro- 
duce long-standing infections. In the former the terminal stages usually 
are not n^hed until the third year. In the latter, Chagas, for whom the 
disease was named, believed that if an individual did not die in the 
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initial attack he would develop a chronic infection that would last 
indefinitely. 

L ^ishinani a sis , both the visceral and cutaneous variety, known as 
kala azar and oriental sore respectively, is a chronic infection. Its 
duration is especially prolonged. A variety of oriental sore, known as 
espundia, is present in parts of the Western Hemisphere, and has the 
same chronic characteristic. 

The filarial organism, Wuchereria hancrofti\ that causes elephantiasis, 
rarely subsides of its own accord but establishes a relationship with the 
human host that persists for many years. Death intervenes only when 
secondary infections occur. 

Schistosomiasis, so prevalent in Africa, the Middle and Far East, 
and South America, is another example of a very chronic disease. Any 
infected individual is capable of releasing thousands of ova from the 
intestinal or urinary tract for years. 

Thus we can readily see that this group of diseases possesses as one 
of its special behaviors the tendency to produce infections of long 
duration. Whether in their evolutionary development it has been 
necessary for them to acquire this characteristic in order to survive is 
not known. However, if introduced into new areas we do know by this 
same feature that they can serve as sources of infection over long periods 
and thus enhance their chances for spreading. 

The nature of the immunological reactions produced in man as the 
result of infection with the above-mentioned diseases furnishes some 
information on the probability of their danger to us. As a group they 
probably induce no more than a transitory immunity. For example, 
when amoebic infections disappear spontaneously or are cured by 
specific therapy there is no residual immunity and there can be subse- 
quent attacks as severe as the initial one. The same is true of malarial 
infections as they confer no lasting immunity upon their Hosts after 
complete recovery. An attack of any one of the three human plasmodia 
offers no protection against the other two. As a matter of fact there is 
no cross immunity between strains of the t)rgani8m within the same 
species. James^ was the first to show that after the acute attack of 
malaria had subsided the individual was highly immune to the homolo- 
gous strain of vivax malaria, yet as susceptible as any normal when 
inoculated with the same species imported from a distant area. Less is 
known about the immune responses to the human trypanosomes or 
leishmaniae but there is little or no evidence of a permanent efhoient 
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immunity response and it is poiible to produce experimentally repeated 
attacks in some of the lower animal hosts. It seems significant that as 
yet there are no effective vaccines for any of the protozoan infections. 
If one is permitted to make a generalization on this point it would be that 
diseases associated with the minimum duration of immunity offer the 
least hope for artificial immunization. If this group of diseases conferred 
permanent immunity after the initial attack then their hosts would not 
serve as an indefinite source of danger. 

ACQUISITION OF INFECTION IN TROPICAL AREAS 

Another important factor is the acquisition of the various infec- 
tions in tropical zones. As a country without colonies we have had 
relatively few contacts with the tropical world, with the exception of 
Panama, the Philippines and a few Caribbean Islands. Even a con- 
siderable proportion of our maritime commerce has been conducted by 
foreign crews and ships. With the advent of the war it suddenly became 
necessary for us to transport huge numbers of troops overseas and a 
major part of them is new in tropical areas. For the most part they are 
in places that enjoy the dubious reputation of being the foremost 
disease centers of the world — Africa, the Middle East, India, China 
and the Southwest Pacific. If we ever approach the proposed figure of 
11,000,000 men in the armed services, approximately one-half of our 
male adult population, and if the same proportions are to serve in the 
tropics as now, then we can gain some appreciation of the probable 
consequences, if only a small percentage acquires one or more of the 
tropical infections. We need not speculate on the probability of these 
troops becoming infected, because it is already a fact. 

Malaria and dysentery are and will undoubtedly continue to be the 
chief offenders. In the latter group the amoebae are important be- 
cause of their prevalence and widespread distribution. Amot^bae occur 
endemically throughout all the tropical countries and in most areas 
cause the prevailing form of dysentery. The incidence of infection 
found by survey in various native populations usually varies between 
10 and 26 per cent. On the Gold Coast in West Africa it was found by 
routine monthly stool examinations that approximately 12 per cent of 
the native Africans employed as food handlers along an American air 
route were infected with Endamoeha histolytica. This percentage was 
increased to 20 when purgation was used to obtain liquid stools. In 
approximately 1000 airline personnel, only 16 acute cases developed 
during a*year’8 operation. Surveys throughout the United States show 
that 5 to 10 per oent are carriers of E. histolytica^ so the dangers of intro- 
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ducing new strains should not cause much apprehension unless they are 
much more virulent. On the other hand possibilities of serious out- 
breaks are not remote as witnessed by the severe (Jliicago epidemic 
which embraced at least 1400 severe cases and 52 deaths. 

Malaria is the predominant disease in the tropics. In Liberia, for 
example, repeated surveys were made among the* natives in villages 
adjacent to our troops. The average number of children showing cir- 
culating parasites was near 100 per cent, while in adults the figure 
averaged 70 per cent. These rates are high but not excessive for Afiica. 
Our troops are highly susceptible to this infection. In my own exi>erience 
with the personnel of a large airline, during one month over 40 per cent 
were incapacitated within eight weeks of their arrival in a West African 
country.^ In combat areas where control is very difficult, malaria 
reaches epidemic proportions. At the fall of Bataan it was estimated 
that 85 per cent of each regiment had acute malaria. Ip some areas of 
the Southwest Pacific the incidence is almost as high. Recent arrivals 
of United States troops from these areas show that a high per(‘entage 
of the medical cases are suffering from malaria oi have recently recovered 
from its effects. 

Leishmaniasis is not just a term for an exotic dis(»ase that occurs 
sporadically. Its incidence is very high especially in Africa and the 
Middle and Far East. An average of tK),000 cases an t nnited annually in 
Assam province. This represents only a fraction of th(' actual nhmlK»r 
of ca.s(»s. In 1037, in Bengal, 137,000 individuals pres( nb'd themselves 
for treatment. In Africa the chief centers are in Morocco Algeria, 
Tunisia, TripoJitania, and Egypt. Th(‘se names are significant to all of 
you. Recently the disc'ase has been reported in the Western HemispleTe 
especially in South America. 

Trypanosomiasis occurs in the proximity of oui troops in several 
parts of Africa. Although it is pot so prevalent as the otlie*- protozoan 
diseases, there is an appreciable number of cases. For example, in 
Liberia the rates are about one in 500 in the coastal natives. White 
persons arc susceptible, but less so than th(‘ ncgro<*s, apparently b('cause 
of the preferential biting habits and opportunities for bites of the tsetst* 

fly. 

Schistosomiasis, although not a protozoan infection, pres<*nt.s similar 
problems and should be mentioned. It has a widespread distribu- 
tion in the Mediterranean countries, Afiddle and South Africa, and 
the Near and Far East. During the early slave-trading days, schiato- 
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somiasis was introduced into South America and Scott’ reported in 1940 
that Schistosoma mansoni was as prevalent and severe in some parts of 
Venezuela as any place in the world. In the males above 10 years the 
incidence of infection is about 90 per cent. This infection is readily 
acquired by contact with larvae in infected waters, and the Caucasian 
race is extremely susceptible. The British have a rule that if any soldier 
falls into fresh water in infected areas he must go immediately to a place 
where a disinfecting bath can be taken. The widespread migrations 
through areas where schistosomiasis is prevalent can result in some 
infections. Craig and Faust’ speak of two cases after the last war of S, 
haematobium acquired in Australia from water contaminated by soldiers 
returned from the Middle East. Fortunately no outbreak occurred.' 
Two cases of S. haematobium were also reported from Michigan by Blum 
and Lilga’ in December, 1942, in boys who were originally infected in 
Africa. One of the cases was particularly interesting because the 
diagnosis was hrst made on a routine urine examination in April. But 
from the history it was certain that the boy became infected four months 
previously. In spite of the best quarantine precautions it is likely that 
this infection would have been missed when he entered the country in 
February. The schistosomiasis of the Old World has a close relationship 
with a schistosome dermatitis, commonly called ‘‘swimmer's itch," that 
occurs in the northern region of this country. The latter variety is 
relatively non-pathogenic for man, as it produces only a local reaction 
when the larvae penetrate and die in the skin. It is not known, how- 
ever, that the more dreaded 5. mansoni^ haeTnatohiumov japonicum'wili 
not find snails here receptive to their development upon chance intro- 
duction. We know therefore that there are sufficient opportunities 
for our men to contract the various protozoan infections, especially 
malaria and dysentery which are already responsible for adding a large 
number of names to the casualty lists. 


DISSEMINATION OF DISEASE BY MODERN 
TRANSPORTATION 


Another epidemiological factor now confronting us for the first time 
is the speed of modem transportation, particularly by air. Not only is 
there an increase in speed but also in the amount of air traffic. It may 
be stated that this type of transportation has been going on for several 
years even through the heavily infected tropical belts. But there is a 
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difference now. Before the war, traffic was confined mostly to passen- 
gers of the higher income brackets who stopped at the better sanitated 
hotels in the larger cities and had a minimal contact with native pc»pula- 
lion. Now most of the air travelers are individuals who have lived in 
close proximity with the infected natives, many for long periods. Ac- 
tually air transport will be the means of returning large numbers of sick 
personnel, as it was announced in the press recently that air eyacuation 
units are now in operation carrying 22 patients in each plane from 
Africa to the United States. Speed of travel is an important factor 
because it permits the entrance of infected individuals into new areas 
before the incubation period has elapsed. For example, in my own 
experience I recently arrived in the United States 34 hours after depart- 
ing from Africa. It would have been possible to have contracted any 
of the infections previously cited shortly before leaving and yet have 
had several days of apparent good health in this country before diag- 
nostic S3mptoms developed. 

The task of excluding diseases and their vectois by the United States 
Public Health Service at regular ports of entry during normal times has 
been extremely difficult. Under disturbed conditions when large num- 
bers of transoceanic planes are arriving, frequently unannounced and on 
irregular schedules at any one of scores of airports, the quarantine duties 
are multiplied enoimously. With the exception of the rouhj to the 
British Isles practically all of the foreign air traffic to the United f^tates 
originates in the tropics — in the Southwest Pacific, S'^ ith arxl Ontral 
America, the Caribbean area, Middle and North Africa, the Middle 
East, Russia, India and southern China. The airports in these places 
are usually located in the insanitated areas frc^quently hacked out of 
the jungle and surrounded by native villages whose occupants are l>eing 
used as laborers. Every incoming flight presi*ntK a real hazard. 

There is danger of transporting not only the diseases thc'mselves but 
also their vectors. We have had a real lesson in what can happen from 
the accidental introduction of Anopheles gambtae into South America 
about 1930. This insect multiplied at a prodigious rate and the first 
six months of 1938 witnessed a malarial epidemic involving a minimum 
of 14,000 deaths and 100,000 cases. The eradication of this species of 
mosquito from Brazil by the joint efforts of the Brazilian government 
and the Rockefeller Foundation will go down in history as pne of the 
outstanding achievements in preventive inc^dicine.® The results of this 
campaign illustrate the necessity of applying energetic control methods. 
Neglect could have resulted in disaster for all of the tropical areas of the 
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Western Hemisphere. Incidentally, within the past year the same 
mosquito has been found on a few occasions in planes coming from Africa. 
Also one tsetse fly was found. Fortunately all insects were dead as the 
result of disinfestation of the planes with insecticides at their points of 
departure and arrival. 

Insect vectors will be covered later in the symposium but their im- 
portance cannot be overemphasized. The volume of air transportation 
now being carried on is affording daily opportunities for bringing these 
vectors of disease into our country. Unless destroyed by spraying they 
will probably arrive m a healthy condition because of the brief time 
required for the journey. Finally, if they are able to establish themselves 
it is vf»ry probable they will multiply more rapidly than in their natural 
habitats. It is a fundamental law of nature that when any biological 
8p(‘cie8 is transported to a new favorable environment it multiplies very 
rapidly Injcause it has left its natural enemies behind. Such examples 
are the Japanes<' beetle in the United States and Anopheles gamhiae in 
Brazil. 

A factor of major health importance in all wars is the development of 
epidemics among disturbed populations. Epidemics do occur in times 
of peace but they ar(‘ usually confined to relatively limited areas because 
the tojwgraphy or climate seems to check theii spread. Last year 1 saw 
several thousand Poles coming out of Russia into Persia who had been 
uprooted from theii homes and many of whom were ill. Many had 
viiulent malaria acquiied around the shores of the Caspian Sea. Several 
varieties of dysc»nter> were evident in large numbers and coses of typhoid 
were extremely numeious. Typhus had just disappeared, as it was the 
onset of the hot si»aHon. In spite of aid they were receiving from the 
American Red (^loss and the British they were living in a very make- 
shift fashion and th(‘y were contracting and spreading many diseases. 
There' would Ih' minimum danger except to themselves if they were to 
remain in this area, as there would be only an increase in the reservoir 
of the disease already present. The real danger will come as the result 
of their mass migration, as they soon will be dispersed into East Africa, 
India and other places. A migratory people can initiate epidemics in 
tropical areas even if the responsible disease is already prevalent. For 
example, it is a common occurrence for malaria to break out in troops 
when they are moved to other infected areas, even if they have previously 
acquired considerable tolerance to the disease. The explanation usually 
given is a lowered rc'sistance due to fatigue, improper food, etc. A more 
likc'ly reason is that they have come in contact with a strain of the 
disease with which they have had no previous experience. At the same 
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time they may carry with them a strain which T/vill adversely affect the 
people who are permanent residents of the area. During the past war 
malaria returned home with the infected soldiers and sc*condary epi- 
demics developed in several parts of England. At Emden, on the north 
coast of Germany, there were 6000 cases. The worst epidemic of all 
occurred in Russia where the starving civilians came down with mali^ 
by the thousands. The Red Cross reported 3,000,000 cases in the 
Republic west of the Urals, in Georgia one-half of the population was 
affected, and in villages near Tiflis two-thirds of the population died of 
malaria. Malaria was present in all of these areas yet the probable 
introduction of new strains coupled with factors conducive to rapid 
transmission resulted in severe epidemics. The mass migration of 
returning soldiers can induce comparable consequences in this country. 

SUMMARY 

Summarizing the factors that are aiding the protozoan group of 
diseases and some of their near relatives in obtaining new footholds, we 
find the most important to be the massive concentiation of susceptible 
t loops in some of the foremost disease centers of the earth. It has 
already l>een found that thes<» men are acquiring infections, particularly 
malaiia and dysentery, in alarming proportions. Time alone will tell 
whether the other pathogenic agents can gain access to thes€» fresh hosts 
and there Is no reason to assume this will not hapjvm as every oppor- 
tunity is present. The rehabilitation of the sick ^ill disw'minate the 
acquired inh^ctions to every pait of our country and it seems quite 
likely that there will l>e some favorable places that will w*rve as the foci 
for epidemics. We must be alert in recognizing the im|K>rted diseases 
in all of their stages so that they can l)e tnuited, isolated or otherwise 
controlled in order to minimize their danger to us. For the postwar 
period we will not only Ik* concerned with the effects of trojiical diseases 
on our own soil but will take a leading role in preventive medicine 
throughout the world. "IVaining centers must In* provided for increased 
teaching facilities and opportunities for fundamental research so that 
we can more ably fulfill the .csponsibilities that will come to us as the 
result of our greatc*r contacts with these less familiar diseases. 

Although in many respects the immediate prospects seem fraught 
with danger, 1 believe that the long-term* picture is one of extreme 
opportunity of service for all mankind. Finally in this reorganized 
world that will surely follow the war, we cannot continue to follow the 
British, Dutch, Russians, Germans or any other nation in the studv of 
tropical diseases but must assume a comparable role, if not a leading one, 
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DISCUSSION OF THE PAPER 

Ihr. W. H. Wrirht {UnUed SiaUs Publie NeaUh Service, Woehingtan, D. C.) * 

I am here in the difficult role of mibetitutiiig for 1^. Thomas Parran, Surgeon 
Qeneral of the United States Public Health SwVioe, who wishes me to express his 
regrets at his inability to be present at this Conference. 

As the Federal agency most concerned with civilian health, the Public Health 
S^ioe is not only interested in endemic disease but for 160 vears has maintained a 
watchful ^e lest the flotsam of some epidemic in some far-on comer of the g^o^ be 
oast on our own shores. Now that we are enga^ in a global war^ the possibilities 
of the introduction and establishment of exotic diseases have been mcreased enorm- 
ously. Consequently, the Public Health Service is vitally interested at this time in 
many diseases, protosoal and otherwise, which may become of domestic importance, 
or whose domestic distribution may be enhanced as a result of our military endeavors. 
Let us review briefly some of the present and postwar problems as they concern the 
public health significance of certain protosoal diseases. 

Our malaria problem in World War 1 was confined to the southern camps and 
extra-cantonment areas. For the most part our troops were engaged in temperate or 
cold climates where malaria was not endemic. But now the sons of the veterans of 
the Marne and the Meuse, Archangel and Siberia, are in combat in some of the most 
highly malarious areas on the globe. Many of those men will return as carriers of the 
diisase and many will go back to their homes in parts of the country which have long 
been free of the disease. A proper concentration of carriers in areas where there is a 
suitable concentration of vectors will lead to the establishment of new endemic centers 
of malaria. Furthermore, there is the possibility, if not the likelihood, of the intro* 
duction of new strains or new species in areas in which all the several species do not 
exist at present. We already have isolated examples of the potentialities of such oo- 
ourrenoes even with the intr^uction of a limited number of carriers. For instance, 
Craig has cited the incident of the National Guard company from Connecticut, the 
members of which contracted PUumodium falciparum infection in southern camps 
during the Spanish-American War and introduced this species in their home commu- 
nity on their return from the service, a community in which only P. vivax had pre- 
viously been known. Matheson has cited the Aurora, Ohio, outbreak of 1934 to 
show the explosive effect of the introduction of a single case in a community, in which 
a suitable mosquito host was available. We may anticipate as a postwar devdop- 
ment the probable occurrence of numerous instances of this sort. 

^ On the other hand, our participation in the war will not be entirely on the debit 
side so far as malaria is concerned. Certain advantages will accrue to us. We must 
place on the credit side the gains we are making in the control of malaria in mctra- 
oantonment areas in the South, our capacity to produce liu^e quantities of synthetic 
antimalarial drugs, our research which should produce additions facts concerning the 
epidemiology of the disease, the ecology of vectors, and drug control, and last but not 
least the increased knowledge of malana and other tropical diseases on the part of our 
ph 3 rsieians serving with the armed forces. 

AMOBBIASIS 

With amoebic dysentery ai8<vwe are faced with a situation somewhat different 
than we were in the first World War. Not so long ago, an eminent medical officer re- 
marked to me that amoebic dysentery has never b^n a military problem except in 
the Philippines during the Spimish-American War and the Insurrection. His state- 
ment is entirely true out at the same time we must not forget that the Philippine 
campaign is the only one of consequence which we had fou^t in a tropical countiy. 
Now our troops are in combat in areas in which strains of Kndamo^ hietolidioa are 
particularly virulent, not for the indigettes, but for susceptible individuals who have 
not developed resistance through previous and perhaps loi^-oontmued expose. 

The protection of troops aBsinst bacillary and amoebic dysentery is difficult 
under combat conditions. Superchlorination of water will destroy cysts of F. kdeUh 
tgUea and portable filters such as used in advance sones will probably reinssm euch 
esrats fhim water. However, even though the best sort of protection is provided, it 
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u not alwm poa^te under combat conditions to msW» uae of available faciUties. 
CkniBCQiMwatiys the dywikterieB must be reckoned with in any militai^ 
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of E, kiftolylicti thrcniil^ut our civilian population. The question was raisi^ 
the last war and Boe^ and Stiles made a total of 13,043 examinations of 801 


service connection was unknown. The incidenoe of E, hMylica in overseas soldiers 
was no higher than that enoounteted in the other groups. Conditions for our military 
operations are n^ entirely different and we may expect the return of a taiger number 
of infect^ individuals at the end of this wu*. what effect these carriers will have on 
our civilian health is problematic^ but it is reasonable to sssuine that their dispersal 
may well lead to a higher morbidity rate from amoebiasis, and that perhaps now and 
more virulent strains may be introduced. 


of the varying virulence of strains and of the factors influencing susceptibility to the 
disease; we nm more potent and more specific antigens for serological and intra- 
dermal tests so that dia^osia can be simplified; we should have mater knowledge of 
the epidemiology of the disease and the relative importance of different modes of 
transmission; and our chemotherapeutic methods could stand a lot of improvement. 


LSISHMANIASIS 

Other than a few imported cases, leishmaniasis has not occurred in the United 
States. Even though the method of transmission of the visoiual type of the disease 
has been definitelv established by Swaminath, Shortt and Anderson, as occurring 
through the bite <x PfUtboUmua. we have difficulty in appraising postwar significance 
of ^e disease as a public health problem in the UnitM States. We do know that 
protection against uie vector is often impractical, if not impossible, and that in the 
present state of our knowledge only the most obvious cases are detected by routine 
diagnostic procedures. We may surmise therefore that individuals with the disease 
wUT return to the United States. I believe that only three species of PiUebotomxu 
are known from the Unit^ States, two of them imperfectly. One s^ies, P, 
diabolicus. occurring in Texas, is known to be a decided feeder ><t man. It is believed 
that studies shoula be conducted to determine the distribution and ecolo^ of the 
indigenous species of PfU^Hjtomtia and that experiments m in order to determine 
whether P. aiabolictu can serve as a vector of leishmaniasis. 


TRYPANOSOMIASIS 

The possibilities for the establishment of African steeping sickness in this country 
are perhaps more remote than those in the case of some other exotic diseasM. ()f 
course, we do not have in this country species of Oloitina, a fact which mitigates 
against the establishment of the disease in the continental United States. However, 
we do have other blood sucking flies including tabanids and Siomoxy$^ calatrans, 
the latter of which has been incriminated as one of the vectors of the diseM. As 
Afncan trsrpanosomiasis has exhibited no tendency to spread extensively in otcm 
where Ofosatna does not abound, it would appear tlmt the disease is unlikwy to gain 
a foothold in areas where dependence on transmission is limited to other vectors. 

Perhaps we should be mors concerned over the possible establishment of Chagas’ 
tWn of the African variety of trypanoimmiasis. It is a well-'known fact that 
naturally infected Triaknna have been found in several places in the South, ^uth* 
west, and CaUfonua, that reservoir hosts of TrypotioiofM cnuti are present in this 
country. No human ofioos of the disease have apparently been found tiMlate. How- 
ever, we are —mfinp on different missions many individuals to endemic areas in 
Central and SouteiAn^ca and furthermore we are importing Mexican labor to 
work in areas in which infected TriaUma have been found We can only conj^w 
the effect of these various drcumstanoes and hope that they wiU imt be sufficleutly 
fortuitous to bri^ about the inteoduetion of human cases and uie spread of th« 
disease in country. . . 

One luuuiot leave question without sajdng a brief word concerning the vigi* 
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lanM necessary to piweiit the intvoduction of disease vectors into this oountiy. The 
reverbendions which followed the introduction of Anophdu gambm into Brasil are 
still sufficiently audible that no further example is needed to stress the importance of 
this sort of thing. The enormous expansion of air travel within the past year and 
the addition of transport routes to lul comers of the dobe have brought about a 
constant and increasing peril in this respect. The Pubuo Health Service is alert to 
all of the potential pombilities in the situation and is exerting every effort to guard 
our shores against the introduction of dis^tfe-transmitting species. The adoption of 
aerosol spraying for airplanes has added to the efficiency of plane fumigation and we 
may expect continued adoption of new plans ana new methods as the need 
asserts itself. 

/ 

Dr. Bdbart Mathasoa (Comdl Univernly, Ithaca, N» Y,): 

Seme of my observations also illustrate the fact that malaria will remain in the 
blood stream for many years without necessarily causing symptoms. For instance, 
there is a record of a six-year-old child in Ithaca, N. Y.. who developed a severe case 
of malaria {Plamodiutn falciparum) within 48 hours of receiving a transfusion from 
her father, a Syrian, who had lived in the United States for 35 years without noticeable 
symptoms. 



CHANGED VIEWPOINTS ON HELMINTHIC 
DISEASE: 

WORLD WAR I VS. WORLD WAR II 

Bt 

Norbian R. Stoll 

Rockefdler InstUute for Medical Reeearch, PrinceUm, N, J. 

It has seemed to me that of the several ways one might approach dis- 
cussion of the helminthological problem in relation to American parties 
pation in the war, one way was to take stock of our general thinking in 
the field over the inter-world-war interval. This period has been a fruit- 
ful one. Its findings, added to and interpreted by earlier knowledge, 
obviously make the frame within which officers of the Medical Depart- 
ment, and particularly of the Sanitary Corps, of the Army of the United 
States, will take the actions designed to protect military personnel from 
helminthic adventures. It is hoped these selected viewpoints may light 
up angles which a more synoptic factual handling of the topic might not 
stimulate to the same degree. Whether or no, the pleasure I have in 
addressing you has liad added to it the interest that has been afforded 
one returning for an hour to an examination of concepts in the field of 
the helminths of man. 

If we were to take a global view of the helminthic problem — what, not 
too lucidly, could be called the globalminthic perspective — we might 
hazard the estimate that the world incidence was such as to represent the 
equivalent of every man, woman, and child, more than 2000 millions of 
them, being infected with parasitic worms. Half, say 1000 millions, 
may be presumed to harbor ascaris. Forty per cent, or some 800 mil- 
lions, we will consider hookworm infected. The remaining 10 per cent, 
some 200 millions, would contain all the other dozens of species for which 
man is usually or occasionally host. Thi.s is not to say that every person 
is helminthically parasitized. Probably less than three-fourths are. It 
is of the nature of things helminthological that conditions permitting 
parasitization by one species may also permit additional species to be 
present. Parasitic organisms as large as, worms are the shifting guests 
then of, say, a billion and a half people on the globe.^ This is the hel- 
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minthologists’ backdrop of the war. One can go farther. Insofar as 
the professicHUil hehninthologist assumes that defaunation of the world’s 
inhabitants approximates his responsibility in constructing an adequate 
civilization on the planet, it is a sobering challenge. 

To be sure, these helminthic burdens are not distributed equally with 
respect to the land areas man inhabits — ^less evenly than is man himself. 
In the broad band of the tropics and subtropics two forces have helped 
to maintain a hyperendemic area. Not only is the parasite favored by 
environmental factors that tend to increase the opportunity to maintain 
the life cycle, and thus reach another host, but the human hosts them- 
selves, live, let me say, in a closeness to nature, and a closeness to the 
threshold value of marked susceptibility, so that continuity of helminthic 
life cycles is distinctly favored. But the warm zones of the earth are not 
the exclusive homes of heiminth-bearing hiunan beings. The great 
diversities of their life cycles permit some species to maintain themselves 
in latitudes far from the equator, even in w^t we consider the cold north- 
land. As this occurs in the in-between areas as well, then wherever 
American troops now are or may go it can be considered that helminths 
await them. 

Let me illustrate. Several years ago in east central China we were 
conducting a survey in one of the misrionary colleges. Its students were 
from homes on the average far above the low economic brackets, and 
only in minor degree were they the sons of farmers. In eliciting their 
interest in so strange a survey I predicted that every other one of them 
who sat in front of me harbored parasitic worms. If one as an individual 
did not, then the neighbors on each chair next to him did. It didn’t turn 
out to be a bad guess, for 49 per cent were later proved positive. But 
that, you say, is China. 

A few years later in the town of my present residence the occasion arose 
to examine a group of school children for helminths. Now you should 
know, if you are not already aware of it, that the line 

'TaJr Auburn, loveliest village of the plain” 
could, out of ail America, most properly be applied to Princeton, New 
Jersey. In so saying, I am thinking of many of the components of the 
good life that are supposed to represent what we are fighting for in this 
war. Yet we found the helminthic incidence in a suburban elementary 
school group, which was not regarded as a loaded sample, to be 23 
percent. 

This is no reason for you to get nervous on your seats and wonder 
whether every fourth or ei^th among you is suspect, although two 
pertinent incidents inio^ be worth maitioning. A few years ago a dis- 
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tinguii^ted non^hebninthological professor of my acquaintance raised 
horrific reactions in his household when he displayed as a captive the 
adult Ascaris lumbricoides he discovered by chance he was failing longer 
to provide a happy home for; and a registered nurse in a Michigan city 
raii^ a howl over a similar event. These were trained obseirers. Even 
so they may not have been trained enough to know that the sleepless 
ni^ts of their children were being incorrectly ascribed to many things 
psychological or microbic, except the nocturnal peregrinations of erst- 
while lost EnterobiiLs vermictdariSy freshly come from the enteric regions. 

Despite the greater concentration of our American population in the 
northeastern and north central states, I am inclined to believe that more 
than 30 millions of our own people bear helminths. When we take into 
account the striking incidence of Trichinella recent studies* have shown, 
and add to it an equally striking incidence of EntercbiuB recently im- 
proved methods* have permitted determining, both to be added to 
ascaris, hookworm, and tapeworms known to be in circulation, an 
over-all estimate of 25 per cent may well be conservative. 

Now I realize that this is all elementary to an audience such as this; 
that what I have been saying — somewhat hazardously, 1 admit, as extra- 
polations always are — is merely to roughly quantify a picture with which 
you are already familiar. Why emphasize it? Partly to stress one of the 
changed viewpoints to which my title refers, that helminthic infections 
are not problems alone of distant tropical areas but of where w6 live, no 
matter where that may be. This, I think, is one of mo contributions to 
our helminthological thinking that has been given a new emphasis in the 
quarter century roughly represented by the pOTod between the two 
world wars. 

As we face forward to the present war in contrast to those similarly 
facing forward to World War I, a number of other changed viewpoints 
based on new or fuller facts and techniques can be passed in review. 

There is, for instance, a group of life histories, with the biological details 
of which we are now equipped, rather than with their generalities or sus- 
picions. Earliest come, and perhaps of greatest consequence, are the 
Schistosoma life hi8t''rie8, wliich were so rapidly clarified^ following con- 
firmation of the Japanese work on their own blood fiuke. After these 
came clarification for the Occident with respect to Para^antmusf 
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the lung fluke, Clamrckis,* the liver fluke, and MetagonimuSy'^ Fascto- 
lopnBj^ and HeterophycMf^ the intestinal flukes. Among the oestodes 
came the elucidation of the missing link in the DiphyUobothrium latum^^ 
story, the filling out of the picture with Sparganuniy^^ and, recently, the 
filling in of the gap on the anoplocephaline, BertieUo}^; and for the nema- 
todes, Onchocerca}* 

It was in this period, too, that we came to know^^ of an endemic 
Onchocerca area in Central America, where its ravages rival those in its 
African home. Demonstrated within our own north central states and 
southern Canada was endemic diphyllobothriasis^^; a zone from which 
stretch long tentacles establishing endemic cases in distant cities like 
New York^* and others with Jewi^ populations. 

Perhaps one should also mention Oxyurta incognita and how its poten- 
tialities as a star were demoted to the stage of op4ra bouffe by the ex- 
planation^'^ of its occurrence. These life history and epidemiological facts 
each can render a military service now. 

In another direction studies began on the correlation between chemical 
composition and anthelmintic efficiency.** These stimulated the ex- 
ploration of halogenated hydrocarbons, and the consequent discovery by 
Hall and his co-workers of the anthelmintic efficacy of carl)on tetra- 
chloride* • and tetrachlorethylene.*® Later, this renewed interest also 
turned hcxjdresorcinol,** gentian violet,** and phenothiazine** to use 
against the intestinal worms of man. Of their present place we shall 
hear from Lt, Colonel Mackie. 

In still another angle of the field there came to be more generally ex- 
tended to helminth infections the practical utilization of serological and 
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skin tests. Notably have these been of interest and value in parenteral 
helminth infection, and the war may witness their wider use for assistance 
in diagnosis, especially for hydatid" and bilharziasis." 

In what is more distinctly its own field, namely the microscopic exam- 
ination of feces for evidence of the presence of enteric infections, there 
has been very considerable development. Twenty-five years ago hel- 
minthologists and public health laboratory workers were still relying 
primarily on the technic of the fecal smear, extended to hookworm diag- 
nosis by Grassi and the brothers Pamna 40 years earlier," although 
employed by Davaine*^ two decades before them. It's a rare worker 
who has not in recent years attached his name to some modified method 
of discovering what is helminthologically of interest** in human excreta. 
Almost inevitably these methods turned on rendering more readily 
visible to the microsoopist more of the helminth eggs that might be 
present in an aliquot. It was obvious that that could not be the only 
item of interest about helminth eggs present in a fecal brew, and thus 
came procedures to determine readily how many were there. The 
medical officer in this war thus has a wider choice of technics and more 
knowledge of their individual usefulnesses and limitations than ever 
existed before. 


These quests were stimulated primarily by the hookworm problem. 
On a world basis, hookworm is to be regarded as the most infportant 
helminthic pathogen, and one writer** on the iron-* deficiency anemias 
believes that a world- wide census the commonest cause [of overt 
blood loss] would probably be . . . due to infestation by the hookworm.” 
Perhaps in regard to hookworm one should go so far as to rate it as of 
more consequence than all other helminthic infections combined. 

Something happened to hookworm this quarter century just past. 
Its attempted control in frontal, full-scale attacks throughout the 
world, on a pattern more inclusive than ever devised against any other 
helminth, has produced great gains. Of even greater significance, how- 
ever, was what grew out of the disproportion that showed itself between 
the beautiful, theoretical simplicities of its problem, and the realistic 
complexities that arose when grappling with it under differing epi- 
demiological conditions. Some of the factors involved deserve discus- 
sion because of their practical significance; others because they strike to 
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the heart of a bit of fundamentd biology that still seems to me to be 
often nes^ected in thinking of helminthically parasitised hosts. 

First as to the biological fundamental. As we consider disease caused 
by protozoa^ bacteria, or viruses, we identify in our minds the diseased 
state with a large accumulation of the miorobic agents involved. It 
does not matter for the present discussion whether the large number of 
microorganisms is there on account of their virulence, or enhanced 
virulence, or of a necessary degree of susceptibility of the host permitting 
their large accumulation. The height of disease is characterized either 
by excessive numbers of parasites, or some pathological condition in- 
duced by the recent presence of such numbers. Attention being largely 
centered on those which characteristically multiply within the host, a 
small inoculum, perhaps only a few or a few dozen or hundred bacteria, 
were ail that was needed to assume that the host would become an 
in vivo culture of the organism. 

This multiplication within the host is not the rule with helminths, 
however. Here accumulation of organisms is characteristically due to 
new arrivals from without. Failure to emphasize this fundamental 
distinction placed in the past too great an emphasis on the role of hel- 
minth infections of small size. Just as the helminthological taxonomist 
found in a beautiful macroscopic parasite something tangible upon 
which to erect a new species, so the ph^^cian, faced with evidence of 
helminths in his patient, straightway labelled the infection as a disease. 

Just to illustrate. What happened in earlier hookworm control was 
that any person showing a hookworm egg was a subject for vermifuge. 
As a result we come upon records such as in Trinidad, for instance, 
where by 1921 it was reported*^ that of about 150,000 persons given 
anthelmintics, more than 1500 had been given 9 or more consecutive 
hookworm treatments in order to defaunate to the last ovipositing worm 
as gauged by the fecal examination methods used. 

There was bound to be a reaction to this approach, for besides imposing 
practical consequences such as to render hookworm control impossible 
on the deservedly large scale the need implied, it imposed a chemo- 
therapeutic burden on the individual that tended to rival the damage of 
the helminthic burden. Both of these ideas have relevance for the 
problem the medical officer faces in war time. 

A reaction came. One sign of it was an article*^ in 1916 by a public 
health worker in the Far East, entitled, '*Are there harmful and habeas 
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hookworm iiifections?'^ with observations tending to support the obvious 
answer to a rhetorical question. The Uncinariasis Commission, which 
worked in the Orient from 1915 to 1917, established the distinction with 
adequate evidence,** using the method of vermicidal treatment and 
recovery of worms expelled. The point of view was weU summarised 
by Darling" later when he divided “cases infected with hookworms into 
three groups, based on the degree to which compensation for blood losses 
occurs: Group A. Blood loss compensated. Group B. Compensation 
disturbed and breaking. Group C. Compensation broken.” Of his 
Group A he observed : “Most of these people carry less than one hundred 
hookworms, though a few may harbor as many as 200 or 300.” 

Later came the accession of a simplified indirect method of determin- 
ing relative worm burdens by means of dilution egg counting.** Once 
the possibility was open of testing the general idea it was confirmed by 
various workers, as for instance in China," in southern Alabama,** in 
Mexico,*^ and in the Argentine.** Some of these studies added an 
incidental observation largely lost in the general problem, that gives 
added point to Darling’s Group A. This evidence** was that persons 
lightly infected with hookworms had slightly higher average hemoglobins 
than the negatives — direct support of Darling’s idea of compensatory 
effect. 


In these days when blood donors contribute a pint periodically for 
war purposes, some of them as frequently as once in two months, there 
is perhaps less need of becoming disturbed over the exaggerated blood 
loss in a light hookworm infection. Its stimulation of the hematopoietic 
mechanism may more soberly be balanced against the known treatment 
risk with even the best of our anthelmintic chemicals. And the best of 
these, be it remembered, should dislodge 3 to 9 times as many parasites 
in the first treatment, as will all subsequent treatments combined. 


Evaluation of this state of affairs in connection with hookworm has 
been aided by the fact that this bloodletting parasite has permitted an 
objective registration of its damage in lowered hemoglobin readings. 
Most of the helminths of man give rise to no such simple quantitative 
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estimate of the damai^e they do! It is worth bearing in mind, however, 
that the basic assumptions should hold good. 

This is not to say that a single parasite of a given species may be unable 
to produce some degree of host reaction, a degree varying with the 
particular worm species and the stage of susceptibility of the host. It 
is to say, however, that the pathogenic hazard occasioned by a few 
helminths may be of the order of pinpricks or scratches with which the 
host is biologically accustomed to deal without jeopardy.” We might, 
as a working basis, define helminthic disease as being the level of host- 
parasite relation at which the helminthic accumulation places the 
host in jeopardy of its well-being or its life. Or one might say that 
helminthic disease is at least a shade more than is implied by the Chris- 
tian Science spelling of the word in its hyphenated form, as dis-ease. 
Either criterion gives the physician the opportunity of proceeding with 
the case before him in. terms clinically realistic and helminthologically 
sound. If his evaluation of a sympton complex makes routine use of 
such assistance as, for instance, a hemoglobin determination, may he not 
be under an equal responsibility to get some objective measure where 
possible of the size of the helminthic infection k^fore him? For when 
there is no multiplication of the parasite within the host, microscopical 
demonstration of the presence of an intestinal helminth is not (equivalent 
to demonstration of a diseased state. Undue emphasis on the micro- 
scopic positive may indeed lure attention from other causes of greater 
etiological significance. This has occurred with the lay physician; it 
could also occur with the army or navy medical officer. 

If this changed viewpoint, which may be called the recognition of the 
third dimension in helminthic infection, has clarified our thinking in 
certain directions, it is appropriate to state that it has led us into new 
points of view in others. 

You may, for instance, recall the report” a few years ago of the fate 
of a group of helminthic infections studied over a period of 15 months, 
in the absence of reinfection and also in the absence of treatment. In 
these children in a Tennessee institution all of 22 ascaris cases became 
egg-count negative, as did 1 1 of 14 whipworm, 10 of 12 Hymenolepis nana^ 
and 4 of 7 hookworm infections. No explanation of occasionally miss- 
ing a diagnostic egg could obscure that something of interest was happen- 
ing here. And in the last war, one author^* referring to troops in the 
Middle East wrote: . . the longer their service in Mesopotamia, the 
greater the tendency for a natural cure’’ of helminthic infections. In 
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both instances the writers emphasized the good sanitary conditions 
preventing reinfection. They might equally have observed that jierfiaps 
nutritional conditions were involved. 

May I mention two further revealing sets of facts? To one distin- 
guished American parasitologist, a microscopic positive represented 
hookworm disease. Any quantitative method was a Euclidean red 
herring. Hookworm disease presented so striking a picture that one 
could go into a schoolroom and by “streetcar diagnosis'^^ say there, and 
there, and there, was hookworm, and get it verified by fecal exammation. 
It is interesting that Stil(‘s, when crowded by the argument in oral dis- 
cussion, was willing to assert that if the symptom complex was not 
verified by the microscope it was hookworm dise*ase just the same, eggs 
or no eggs. In his enthusiasm against what he considered lui over- 
simplified arithmetic point of view, Stiles and others have overdrawn, 
I believe, the position they opposed. Certainly not in my contacts with 
anti-hookworm workers has the idea b(‘cn current that if a givt‘n patient 
with low egg count presented a clinical picture of hookworm dist^ase he 
should n6t be appropriately treated as an individual cas(\ 

Before drawing a further conclusion on Stiles' point of view, let us 
consider bnefly some findings from up-country Panama. We had 
become familiar, as noted a few paragraphs earlier, with the Idea that 
hemoglobins and worm burdens as represented by gg counts were in 
high inverse correlation with each other. That is, the egg count and 
degree of anemia tended to be in parallel. In some of the Panama 
groups this was not true. In the words of the report** concerning one 
district: *‘There is ... no negative correlation betw(*en th(* individual 
hemoglobin percentage's and the size of the egg counts. . . . This 
is very astonishing when the . . . intensity is considered." Here, in 
host groups widely separated geographically and measured by very 
different means, is evidence of a state of affairs that has come to play an 
increasing role in the determination of the host-parasite relation. In 
the nature of the case it is a situation that has been (*xplored primarily 
in experimental animals. I refer to the general conception that the 
condition of the host is a significant factor 'in determining what the 
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result of infection will be. Ho^ are not of uniform susceptibility to 
hookworm. How trite that sounds once you state it, and how long we 
were in talring it into account! As illustrations with bloodletting 
helminths, in both sheep with Haemanchua coniortua (a blood sucker of 
hookworm caliber) and dogs with Ancyloatama caninurrij it has been 
possible to demonstrate host effects varying from almost complete insus- 
ceptibility induced through previous infection — immunity, if you will — 
to increased susceptibility due to decreased stamina of the host produced, 
for instance, through malnutrition. Especially in the present connec- 
tion are some of the Baltimore experiments^ of interest, wherein the 
state of immunity to dogs cotild be rendered labile through manipula- 
tion of the diet. However, the experiments proceeded only so far as to 
demonstrate a marked correlation between poor nutrition and increased 
susceptibility, as compared to animals on the routine laboratory diet, 
which by contrast was considered '^adequate.'’ We need, further, the 
positive data, of what specific dietary constituents can assist a host in 
developing immunity or maintaining resistance. Some results may be 
furnishing clues to these positive factors. Especially of interest are 
studies^ on the relation of vitamin A to infections developing in chickens 
with Aacaridia and with Heterakia^ and in rats with Trickindla and with 
Strongyloidea. Also studies^ on vitamin B in relation to infections 
developing in chickens with Aacaridiaf and more recently, in a cognate 
field, experiments^ indicating increased resistance to malaria in fowl 
given adequate amounts of biotin. A high protein diet has been shown*’ 
to counteract the ill effects of tapeworm infection in chickens. 

Nevertheless, one may go back now to the streetcar diagnosis of Stiles 
and well believe that the afiSrmation of its being ‘^hookworm disease’^ 
without demonstration of the organism was correct, for it was something 
more than simon-pure hookworm to begin with.** (As some of the 
patients diagnosed for Noguchi to study in South America were some- 
thing more than simon-pure yellow fever.) And whatever tentative 
explanation was put forward, using race as a crutch, for the apparent 
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discrepancies of the Panama hookworm findings, the fact that low hemo- 
globins were found with low egg counts may have been the same phe- 
nomenon Stiles encountered; while high hemoglobins with high egg 
counts may equally have been a manifestation of an immune state, 
showing, as it not infrequently does in experimental animals, a raising 
of hemoglobin before the casting out of a resident infection. 

With the new and deservedly great emphasis on nutrition, not in 
terms of calories alone but also in terms of adequacy in accessory vitamin 
and inorganic components such as iron, we may find ourselves some day 
just turning the hookworm picture around. We may then come to 
conceive of hookworms not as gross pathogens able at will to ‘ 'muscle” 
their way around in the human host, for which the medical consultant 
can do nothing except clear out the worms, and prevent exposure to new 
infection. We may instead look upon those worms more as scavengers, 
demonstrating their ability to get the upper hand of hosts already pre- 
pared for their reception by a depleted state nutritionally or otherwise. 
For another side of the picture is as striking as classical hookworm, namely 
the degree of protection that well-fed hosts are able to develop through 
an immunity to hookworms and hookworm-like parasites.^* 

You properly ask, if an immunity is part of the functional phase of the 
host-parasite relation between man and his hookworms, why do we not 
know more about it, and how can we observe it at » ork in the world? 
One answer is that we do not yet have a serviceable approach, serological 
or otherwise, except the result of the reinfection itself, by which we can 
diagnose a state of immunity against hookworms, or probably of any 
helminth, although signs are increasing that we may get one. Another 
answer is that the terms in which we do gather our information on hook- 
worm infection have not permitted the analysis of our data to reveal it. 
The latter point I wish to illustrate by comparing the average egg counts 
on a group of infected animals under conditions of continual reinfection. 
Although half the animals were immune and showed low egg counts 
throughout the period of observation, and the other half were demon- 
strating stages of su8C''ptibiIi4y followed by immunity acquired through 
exposure to the infection, a single average eggs-per-gram count for the 
group at any time would not have revealed this Periodical examina- 
tions, properly analyzed, might accomplish this. 

Without attempting too much in the way of prediction, I should at 
least like to give my opinion that the lecturer who surveys the changed 
viewpoints on helminthic diseases, World War II vs. World War HI, 
will give a prominent place not only to the more specific role of nutri- 
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tional components in resisting hookworm infection but to technical pro- 
cedures that will diagnose the presence of an anti-hookworm immunity 
in a given host, and the prescription for specifically inducing it if absent. 
Nor will hookworm be the only helminth concerning which he will be 
able to discuss such results. There are Russian reports,*® as you know, 
which raise the presumption in favor of an immunity developing against 
Diphyllobotknum latum. This prompts the natural query as to whether 
the still obscure puszle*® of broad tapeworm anemia may not be the 
result of the combination of D. latum and an improperly nourished host. 

On this general problem the war may well reveal new information of 
value. With the care given to provide the American soldier with an ade- 
quate diet, helminths he encounters are going to meet hosts better 
nourished and thus biologically better equipped to deal with the invader 
than is usually the case. But this will not always be true. For the 
rigors of military necessity will provide many chances for the opposite 
state of affairs. Medical officers may well have opportunities during 
the present epic, in which the nutritional cue will be of significant value 
during the emergency, and provide new clues for postwar experiment 
and rationalization. 

There is another changed viewpoint which deserves mention now 
because some accident may permit observations of interest upon it 
during the extraordinary lalxjratory study that military personnel 
under the stress of war presents. Without too much flippancy I wish to 
refer to it as the problem of helminthic quislings — ordinary citizens who 
represent the enemy. In this case the citizens are presumably familiar 
helminths who may be harboring and transmitting virus diseases. 

Those of you who have been following the virus field know of the now 
recognized etiological relationship of a virus and influenza. And all of 
you know that influenza under epidemic conditions*^ has its spread 
readily explained by droplet or contact infection. What is less well 
recognized is the peculiar problem of inter-epidemic carryover not only 
of influenza but of some other virus diseases. Recent work*® has shown 
that in the case of swine influenza, the reservoir and vector, if you will, 
of ^*hog flu^^ from year to year is the larval stage of the swine lung worm, 
Metastrongylus. The nematodes, living as adults in the lungs of swine, 
produce eggs, which characteristically reach the outer world in the fecal 
droppings, where they are ingested by earthworms in which the infective 
larvn# develop. Earthworms containing these intermediate stages, upon 
ingestloti by hogs, are thereby enabled to convey the infective larvae to 
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new hosts, in which the parasitic larvae wander from the digestive 
tract to the lungs and establish themselves. It is now known that 
Metastrongylus larvae developing from eggs shed by worms resident in a 
hog suffering from influenza are able to convey the virus, retain it for 
months (including overwinter), through the earthworm stage and, as 
infective larvae, transmit the virus in turn to susceptible hogs which 
they later come to infect. There is an oddity or two in the story which 
should not deter its acceptance. It has not been possible to free the 
virus directly from the lungworm larvae by any methods yet tried, and 
it may therefore be in a masked form. Nor do such larvae free the virus 
within the swine except under conditions when the swine host is in some 
state of physiological shock. Both experimental and field observations 
are in harmony, however, that this is the efficient method of transmission 
of “hog flu” from one season to another. Thesi' nematodes thus func- 
tion as intermediite ho*?ts of swine influenza. 

Consider well, then, that pari of the puzzle of epidemiology, perhaps 
especially of vi.nis diseases, in which disease agents hide during inter- 
epi lemic periods and of how new epidemics get startled. May the 
state of affairs illustrated by swine influenza and Metastrongylus be 
duplicated in essential aspects by such virus diseases as poliomyelitis 
and the biological cooperation of some helminth of man which serves it? 
Does this cause one to think of possibilities in the w -ndering of A scans, 
of TrtchineUa, of Strongylo'idcs, or even of hookworm? It can Ik* left to 
the future to confirm or deny whether such an incrc'dulous state* of 
affairs obtains. In any event here is another hint of how closely hel- 
minths are tied in to some of the central problems of pathology. 

Aside from these more general problems, wliat, yo\i ask, is to be said 
more specifically regarding helminths in relation to the presi*nt dispt'rsal 
of American troops? * 

In the British Isles and northward one would say the situation is more 
or less the equivalent to that here at home. 

In northern Africa and the Near East the chief additional complicating 
factor is Schistosoma. It is rather inter(»sting that a hasty survey of the 
entozoon records of troops in the Near East during the last war shows** 
principally hookworm, ascaris, whipworm, and schistosome infection 
We know that Algeria and Tunisia** have endemic S. haemaiohiumy that 
it is not absent from Tripolitania and Cyrenaica, and that bedsides its 
great concentration in Egypt, it reaches on into Asia Minor, although it 
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does not go as far as India. Of course beyond that we enter the 8, 
japanieum area. One report^ concerning bilharziasis during the 1916 
Palestine campaign merits special mention: “When the Northampton- 
iBliire battalion had arrived at Kubri, men were warned, both on parade 
and in orders, of the danger of bathing in the Sweet-water, and this order 
was republii^ed monthly in orders. Nevertheless nearly eighty men 
in the battalion bathed on at least one occasion in the Sweet-water 
Canal, and nineteen of these men subsequently developed vesical bil- 
harziotts.” In addition to bathing and swimming, soldiers may ob- 
viously expose themselves by wading, fishing, and washing clothes in 
cercarial-infested waters. Some of you recall the cases of British and 
American naval officers and seamen on the Yangtze patrol who became 
infected with S. japonicum after hunting trips in the neighborhood of 
that river.“ 

We can anticipate that there will be plenty of work for the parasitolo- 
gists of the Sanitary Corps in areas of known or suspected schistosomi- 
asis, especially where troops are to be garrisoned. The risk rate of un- 
treated waters will need to be evaluated in terms of the amount of 
schistosomiasis in the inhabitants of the occupied area, and the local 
abundance of the appropriate snail intermediate hosts. Some chemical 
and subsidiary measures, such as the use^^ of a steam jet in weedy 
patches, may assist in reducing snail populations, and free chlorine 
(introduced, for instance, as chloramine^) may be used for cercaricidal 
purposes in containers or small bodies of water. In no tasks assigned to 
them is it likely that the parasitologically trained personnel will have 
heavier responsibilities than in determining with promptness and all 
necessary efiiciency the location of snail foci to be avoided, and especially 
the securing of the necessary cooperation of troops in preventing ex- 
posure to infection, particularly when off duty. It is imperative to 
apply the admonition: “With the information at the disposal of troop>s, 
bilharziosis should now be treated as one of those diseases for which the 
individual is mainly, if not entirely, personally responsible.'^®® And 
evidently in the last war orders were not sufficient. 

In the Near East and India the problem of dracontiasis will obtrude 
itself. While its control is simple, by merely not drinking Cyclops- 
contaminated water, the long delay in the appearance beneath the skin 
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of adult Drvcunculus may render somewhat ineffective as a deterrent 
the value of bad examples among careless personnel. One thinks again 
especially of the factor of men heedless when off duty. 

Among troops in the Orient and the islands one sees the complication 
of filariasis, as Prof. Matheson will emphasise. Besides the skin- 
penetrating Schistosoma in this region too, there is a group of helminths 
the protection against which is care in avoiding insufficiently cooked food. 
Kitchen practice in the American army mess is probably adequate to 
protect against the helminths passively transferred on locally secured 
vegetables, in meat and in fish. Several years ago the British army, 
following the appearance of what seemed an unusual number of cases of 
cysticercosis, conducted tests to determine whether the cooking, frying 
and roasting temperatures of pork products in army kitchens were 
sufficient to kill any cysticerci present. Their conclusions*® were 
affirmative, and would equally apply to Tnchtnella, as well as to meta- 
cercariae in fish. One is inclined to believe that the presence of such 
infections may be principally ascribed to exposure off post, in the 
sampling of native dishes, etc. Members of the armed forces in foreign 
lands may be visualized as ever-curious travelers seeking to sample the 
exotic, when out of the line of duty. If so, the precaution appropriate 
to the lay traveler is in order — not to chew but to eschew raw native 
vegetables, and raw, pickled and smoked native mea' ^nd fish products, 
and relishes. That such precautions may l)e highly protective can be 
adduced from the experience of Occidentals living in the heart of the 
Orient, months on end, and in close contact with the inhabitants, with- 
out contracting more helminths than possibly a few hookworms through 
a cracked shoe. There is evidence that the Medical Department has 
points of this kind m mind. In the recently described fishing tackle 
kits for use in emergencies which are supplied to life boats, life rafts 
and floats, the waterproof instructions accompanying them include the 
statements®*: ^^The flesii of fish caught in the open sea is good to eat, 
cooked or raw . . . Freshwater fish of any kind . . . arc all unsafe to eat 
unless thoroughly cooked.’^ 

Besides helminthic infections, the piesence of which in native popula- 
tions represents a threat to outpost troops, 1 here is one animal reservoir 
for wliich the helminthologist needs to expr^ special concern. I refer 
to the dog bearing Echinococcus granulosus. From New Zealand to 
Australia to India to parts of the Mediterranean littoral and beyond, 
hydatid is not to be taken casually. Reports from autopsy 8ur\xy8 in 

•• Jour Roj. Army CorM M: M-100. ^ ^ 
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India show 28 per cent of pariah dogs examined at Rajanpur in the 
Punjab and 10 per cent of city dogs in Calcutta harbor Echinococcus^ 
while nearly one-third of the country dogs in New Zealand are estimated 
to be similarly infected.** An indirect measure of the potentialities 
of the reservoir is the 1935 New Zealand estimate** ‘‘that at the present 
moment at least ten millions of our sheep have hydatid cysts in their 
livers.** The peculiarities of this infection, in which man, like the sheep, 
acts as the intermediate host, need no emphasis to this audience, but 
one believes could well become the subject of a special pamphlet for 
every soldier on foreign service. 

In regard to army sanitary standards in routine fecal disposal, the 
helminthologist need not express marked apprehension. Concentra- 
tions of feces, with or without urine, we now know®^ tend to be self- 
sterilizing for helminths, although fly access to recent accretions would 
be considered a constant threat to the dissemination of enteric infections 
with pathogenic bacteria and protozoa. The helminthic dangers from 
fecal deposits arise not from the use of latrines, but from the soiling of the 
latrine area where worm stages may secure sufficient oxygen and mois- 
ture to proceed with their development. Shallow trenching of infested 
excreta l)ecome8 a similar threat, and one which is increased by the 
secondary possibilities of dispersal that arise from deluges of ram in 
warm climates. 

Similarly the more recent emphasis on the possibilities of au-l)ome** 
infection of infective helminthic eggs can as yet scarcely be assumed to 
have more than academic interest in the grand strategy of helminths 
vs. man. 

How finally should one evaluate the possibilities of new postwar 
helminthic invasions to the United States? My inclination is to regard 
them as not representing a major public health threat. Perhaps most 
to lx* feared would he the establishment in the South of snail hosts 
which Schistosoma could utilize. The malacologists, I believe, have not 
yet encountered the preferred species there. Nor has S, mansoni, 
present in Puerto Rico and other outer parts of the Caribbean littoral, 
become established in continental U. S. A. In addition to that fact is 
the great expx*riment conducted by the importation in other centuries of 
African slaves. These must have brought both Schistosoma haemaiobt um 
and mansoni as well as other helminths unaccustomed to the American 
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scene^ on a scale and under conditions vastly more foreboding than will 
returning soldiers. It is true we thus gained Necator, but seem not 
surely to have acquired other helminths of man thereby. A natural 
experiment of similar import lias been commented on by a French 
worker^ concerned with the possibility of schistosomiasis Upcoming 
established in France as the result of introduction by infe(‘ted African 
soldiers. No autochthonous case is known, although infechni persons 
have entered France for more than 100 years, many of Napoleon's 
soldiers having returned with haematuria. 

The worms which especially typify the Orient are flukes, whose life 
histories require peculiarities of food habits, especially in regard to fish. 
It seems unlikely that a more threatening case can be made out for 
these in the postwar period than was made out for the earlier denied 
danger of Clonorchis becoming established by infected immigrants.*^ 
Nor do the possibilities of Paragonimm seem to lx* increas(»d, even 
remembering our res(*rvoir of appiopriate intermediate hosts in the 
Central West.** Unless the return home of our military men should 
result in widespread changes in food** and sanitary habits, which seems 
less than likely, even the presence of proper intermediate hosts is a 
matter for public health awarene.ss and caution rather than of fear. 

Several years ago a prominent English helminthologist^*'^ reviewed 
“present day teachings on helminthology in relatu < to public health." 
He mentioned that “the intense activity with which ic.s(‘arch has lKH‘n 
pursued during recent years has lesulted in knowledge, which, if properly 
applied, ought to ensure the contr(»l and (*ventual (‘ladicatioii of tlie 
infestations of man with parasitic woiiris,'’ but, lie addt‘d, ‘‘on these 
(piestions the medical officer of health is as a iiilc lamentably ignorant “ 
As the helminthic asjx‘ct of Aimaican participation in the w’ui and 
postwar can, in synopsis, lx* eonsideietl a s|x*cializ<»d probhan in public 
health, I wish to (^uoti* furthei fiom his “gtMieral Hiinimary of ascertained 
facts": “From the public health stand|s>int the following au* the sig- 
nificant facts concerning helminth transmission in geiuTal 

“1. The parasitic 'vonns do not multiply within the human laxly 

“2. The eggs or embryos must fiist leave the human IkkIv which 
harbours the parents. . . . 

“3, The eg^gs or embiyos are not infwtive to man at the moment of 
leaving the human Ixxly. . . . 
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^'4. Developmental changes occur during the period of delay outside 
the body and are essential to the formation of the ^infective’ stage. . . . 

^^5. The environmental conditions requisite for the developmental 
changes outside the body vary with different species. . . . 

^‘6. The parasite in its mfective stage enters the body in most cases ' 
by the mouth in food or as contaminations of food, but in certain 
instances actively pierces the skin. . . . 

After entry in the infective stage the parasite has, in many species, 
to undertake an extensive pilgrimage within the body. . . . 

^*8. Few of the parasitic worms are specific to man. . . . 

^^9. The spread of helminth infection can be controlled by breaking 
the life-cycle at certain vulnerable points.” 

There is no need to impute any lack of awareness of such points to the 
Medical Department of the Army of the United States, as it deals with 
its helminthological front. The activity of its parasitology training 
centers testifies rather to foresight and preparedness. And one may 
hope, quite without presumption, that this occasion, fostering discussion 
of changed as well as unchanged viewpoints, will stand in a contributory 
relation to the solution of the specialized problems the field reveals. 

DISCUSSION OF THE PAPER 

Dr. D. L. Augustizie (Harvard Medical School^ Cambridge^ Mom.): 

Ppstw^ helminth problems need not be greatly feared, but precautionary meas- 
ures should be taken gainst the entry of *^ld World" hookworm which is more 
dangerotu in every way thw our own hookworm. Furthermore, the development of 
elephantiasis in 20 weeks in some of our troops indicates that our men lack an im- 
munity possessed by the natives, in whom the disease does not develop until the 60-60 
year age group. 

Dr, Q. L. Qraham (Rockefeller Inetitute for Medical Research, Princeton, N. J.): 

^e relaUon between diet ^d immunity has been clearly demonstrated; im- 
mumty may lost when the diet is deficient. Since some dietary deficiencies do 
not break the immunity, it is possible it may be sustained by some other factor. 

Dr. W. H. Wright (Uniied Stales Public Health Service, Wa:shington, D. C.): 

Fil^iasis may not be a major public health problem, but it certainly must not 
w dismissed as a minor one, consideiing the ease with which it can be brought into 
the country. ® 

Dr. V. 0. Htiaer (New York, N, Y.): 

t II egg-count method has been of great value in the efforts of the Rocke- 

leuer roundation to stamp out helminthic disease in the Orient, especisily in the 
economy of limiting treatment to the heavily infested areas. 



ARTHROPODS AS VECTORS OF HUMAN DISEASES 
WITH SPECIAL REFERENCE TO THE 
PRESENT WAR 

By Robert Matheson 
Cornell Untvereiiy, Ithaca, N, Y, 

INTRODUCTION 

Arthropods play an important part in the transmission of human 
diseases; they also have a part in maintaining a ivservoir of these 
diseases in nature. In many instances the only normal method of trans- 
mission is via an insect vector; in other oases insects act mainly as carriers 
or as protective agents of the pathogenic organisms or as culture media 
of these disease-producing microlies. In a recent list of the 44 principal 
protozoan and helminthic parasites of man at least 17 an* transmitted 
to man only through the medium of arthropods (mainly insects); four 
others may be and frequently arc transmitted through the agency of 
insects while several others may occasionally l>e so transmitted. In 
addition to these there are the spirochetal, ricketts' d, bacterial and 
vims diseases of man; many, and in certain cases all, arc transmitted by 
arthropods. At the present time the number of known human, animal 
and plant diseases that are transmitted by arthropods, mainly insects, is 
rather appalling. Furthermore each year sees new and, at times, 
startling developments in this field of inf|uiry. 

It is interesting to recall that nearly all this knowledge has been 
acquired in leas than half a century. Th6 discovery by Fedtschenko 
(18G9) that Cyclops species sei've as the intermediatic hosts of Dracun" 
cuius medinensis lay buried in Russian literature for many years. The 
work of Manson on Wuchereria bancrofti (1878-1883) had little influ- 
ence on medical or sci^'ntific workers. 'J'he striking experimental and 
conclusive investigations of Smith and Kilboume (1893) on Texas fever of 
cattle lay buried in a government report and apparently was unknown to 
most medical students. The discovery by Lalveran in 1881 that malaria 
in man was caused by a parasite in the erythrocytes aroused great interest 
and much study was devoted to these parasites by Italian workers. 
Finally Ross, on the 20th of August, 1897, found the developing oocysts 
of the malaria parasite in the stomach of a mo8()uito which had bitten 
a patient four days previously. This eventful day was a milestone in 
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medicine and entomology. In celebration of the event Ross penned the 
following triumphant paean and sent it to his wife. 

*'This day relenting God 
Hath placed within my hand 
A wondrous thing; and God 
Be praised. At his command, 

Seeking His secret deeds 
With tears and toiling breath 
I find thy cunning seeds, 

0 million murdering Death. 

1 know this little thing 
A myriad men will save. 

0 Death, where is thy sting? 

Thy victory, 0 Grave?'* 

Long before Laveran and Ross had made their remarkable discoveries 
Carlos J. Finlay had propounded in 1881 liis theory that Aedea aegypti 
(Stegmnyia faadata) was the vector of yellow fever. This theory h(i 
supported and largely demonstrated to be true by actual experimental 
work during the years 1882 to 1899. The confirmation of Finlay's 
work by the American Commission on Yellow Fever in 1900 and 1901 
was brilliant and constitutes another great milestone in the history of 
medicine and entomology. The later remarkable developments in the 
study of insects as the vectors of pathogenic organisms of man, animals 
and plants are current history. 

In dealing with insects as vectors of human diseases we may approach 
the subject either from the disease or the insect vector. As an entomolo- 
gist I follow the latter course. 

TH£ CLASS CRUSTACEA 

The Crustacea play a small part in the transmission of huznan disease. 
Here Cydopa spp. (over 20 different species) serve as the infective host 
for man of the Guinea worm, DracunciUxia medinenaia. This parasite is 
widespread over central equatorial Africa, the northwest and west 
coasts of Africa, the Nile Valley, throughout the Near East, India; and, 
in the Western Hemisphere, in the Guianas, Bahia (Brazil) and parts of 
the West Indies. There is no doubt our soldiers can become infected 



MATHE80N: ARTHROPODS AS VECTORS OF HUMAN DISEASES 227 


in those areas by drinking water contaminated with infected Cyclapn, 
The parasite is also present in our own country in our fur-bearing 
animals but the ten human cases recorded from the United States and 
analyzed by Chitwood all appear to be imported cases. 

The only other important parasite transmitted by C'rustacca is the* 
lung fluke, Paragofitmus westermanm. This fluke is widely distribuhnl 
in the Far Fast; it occurs also in New Guinea, the Camcroons, the 
Belgian Congo and Tripoli in Africa; and there ai*e foci in Brazil, Peni 
and Venezuela. However, our troops are not likely to become infected 
unless they eat raw or partially cooked parasitized crabs or crayfish. 

THE CLASS ARACHNIDA 
The Order Acarina 

The oidei Acarina is a large and difficult group with which the ento- 
mologist and medical man must concern themselves more and mort‘ 
Here we are, at pn^sent, concerned mainly with the supi^rfamilies 
Ixodoidea, Parasitoidea and Trombidoidea. The Ixodoidea are of gw'at 
importance. 

The Ixodoidea or ticks arc all external parasites of vertebrate's 
The order contains two families: the Ixodidae or hard ticks and the 
Argasidae or the soft ticks. In the foimer the doisal suiface of tfie lx)d\ 
is partially (females) or completely (males) coven ’ by a shield ot 
scutum; the head or capitulum projects in front and the males an' 
usually smaller; in fact, much smaller than the females. Furthermore 
these ticks can take great quantities of blood and become of great size 
when fully engorged. In the Argasidae theie is no dorsal shield oi 
scutum, the capitulum is ventral and there is slight difference between 
males and females. The species feed frequently and never greatly 
increase in size when fully gorged. 

The life cycles and feeding habits of ticks are rather ideal from the 
standpoint of disease transmission and dissemination. In the Argasidae 
the species feed to repletion in comparatively short intervals and undergo 
a considerable number of molts before reaching maturity. The adult 
males and females arc comparatively long-lived and the females may 
deposit their eggs over a considerable period of time. Furthermore, 
they can withstand long periods, even several years, of starvation. 
In the Ixodidae the life cycles vary considerably. Normally the egg 
hatches and the larva must find a host. When replete the larva drops 
from the host, digests its blood meal and molts into the nymph, llie 
nymph must now attach to a new host, usually the same host species, 
and when replete drops again, digests its blood meal and molts to tiie 
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adult stage. The adults, males and females, now attach to the same 
host species or may seek entirely new t 3 rpes of hosts. Mating usually 
takes place on the host. The males and females now drop from the 
host and the males normally die. The females after digesting their blood 
meals lay their eggs in very large masses, often as many as 6000 to 8000 
eggs to a mass. The shrunken body of the female may usually be found 
near the egg mass. There are great variations in the life cycles of 
ixodid ticks and each species presents its own* problem. However, we 
speak of one-host ticks (the entire life cycle, except egg-laying on one 
host) ; two-host ticks ; and three-host ticks. In the Argasidae the various 
species are normally many-host ticks. Another point to be remembered 
is that all ticks can withstand considerable periods of starvation at each 
stage of their development while the adults of many species can survive 
several years without food. 

Tides and Disease 

Relapsing Fever. — Relapsing fever or fevers are caused by species 
of Spirochaeta. No one has yet successfully defined species of spiro- 
chetes though more than twelve to fourteen have been named. Appar-* 
ently no spirochete has been cultured on prepared media. Davis (1942) 
presents a more or less clear-cut method of distinguishing species of 
spirochetes based on his experimental data. Each species of Omitho- 
dcroB that is a relapsing fever vector carries a spirochete that is host- 
specific and this host-specific relationship offers a more accurate ap- 
proach to the differentiation of spirochete species. Unfortunately 
Davis places too much reliance on the ability of taxonomists to diagnose 
what is a species in the genus Omithodoros. We might revise the defini- 
tion and state that any Omithodoros tick that transmits a strain of 
Spirochdeta belongs to the same species as the original tick vector. 

In tick-borne relapsing fever the spirochete must be obtained from 
some reservoir. In Central African relapsing fever, which is transmitted 
by Omiihodoroa movbata, man and prolmbly rodents are the reservoirs. 
0. maubaia is, according to Buxton, restricted to East Africa from Egypt 
to Natal and extends to the west coast close to the mouth of the Congo 
but not elsewhere. This tick is primarily an inhabitant of man’s abodes. 
It is found in his houses, mud huts, around camp sites, well heads, etc. 
Here the tick spends its entire life. On hatching from the egg the larva 
does not feed but molts to the nymphal stage. A succession of feedings 
and molts occur before the adult stage is reached. The species feeds 
primarily 4>n man. The adult ticks are long-lived and the females lay 
their eggs over a considerable period of time. 
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The spirochete associated with this tick is S. duitoni and its develop- 
mental cycle in the tick is said to correspond to that which occurs in the 
louse (Pediculus humanus) except this spirochcU* invades the tissues and 
organs of the host, including the ovaries. The parasite invades the 
developing eggs and the young ticks hatching from the infected eggs can 
transmit the disease to new hosts. Transmission of the 8piroc*hcte to 
man occurs during feeding but the exact method is somewhat in dispute. 
However, the spirochete gains entrance to the wound either from the 
salivary fluid or the coxal fluid or both, but not from the fee^l wastes. 

The epidemiology of Central African relapsing fever is characterized 
by its localization. In any community infected ticks may be restricted 
to special buildings or rest houses. Here the disease may occur regularly 
as the spirochete is hereditary in the tick and the ticks arc not known to 
migrate. The disease is primarily a '‘house disease’^ a!nd is not epidemic. 

The question may be asked: Will this disease be introduced into 
America? If Davis’ assumption is correct it should not, for it is extreme- 
ly doubtful if the tick is introduced or, if introduced, it probably could 
not survive under our conditions except m the Southwest. 

The other relapsing fevers that arc tick-borne occur throughout tlic 
Mediterranean area but also extend southward from French Africa to 
Dakar in Senegal and eastward including most of tlu* Arab, Turkish and 
Persian lands. These types of relapsing fever« do n< occur in India or 
China. The tick vectors are 0. erraticus in Tunis, Sjiain and Morocco; 
0. tholozani in the Near East (Persia, Arabia, I'urkestan); and 0. verru- 
cosus in the Caucasus area and northern Persia. Whether these are 
distinct diseases is not known. 

In the Western Hemisphere tick-bome relap.sing fever is endemic in 
thirteen western states, British C^olumbia, Mexico, Central America 
(Guatemala), Panama, Columbia, Venezuela and Argentina. The 
known transmitters are Ormihodoros parkertf 0, hermsif 0, talajCf 0, 
rudis and 0. iuncaia. In all these ticks the spirochete can pass through 
the egg to the young so that it may be said to lie hereditarily trans- 
mitted; the percentage of egg transmission is thought to be low.^ The 
animal reservoirs of the spirochetes are rodents — chipmunks, tamarack 
squirrels and probably others. Davis believes that ticks are tlu* natural 
reservoirs. 

Rocky Mountain Spotted Feveb. — This disease is now widespread 
in our own country. The etiological agent is Dermacentroxenus ncketfsi, 
one of the rickettsias. The reservoir of the pathogen is in rode n Is, 
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particularly rabbits, jack rabbits, and squirrels. The tick vectors to 
man in our country are Dermancenior andersonty D, vanabtlts and D. 
occidentdts. D. anderaont is the transmitter in the western mountain 
states; D. ocadentalia in most of the Pacific coast states; D. vanabilia 
throughout the rest of the country and parts of California and Oregon. 
The life cycles of these ticks make them rather ideal transmitters. It is 
not possible here to present in detail the life cycles and hosts of these 
ticks. 

Dermacentor anderaont is a three-host tick. The fertilized female 
deposits her eggs, some 2000 to 8000, in some protected place on the 
ground. The period of oviposition requires about a month and take^ 
place during the summer. The eggs hatch in from one to two months 
and the larvae attach to small mammals, especially rodents. Engorge- 
ment is completed in two to eight days and they drop to the ground, 
digest their blood meal and molt to the nymphal stage. Normally the 
species passes the first winter as unfed nymphs. The following spring 
the nymphs attach to the same hosts, rodents. When engorged the 
nymphs drop to the ground, digest their blood meal and molt to the 
adult. Normally the second winter is passed as unfed adults. The 
second spring the unfed adults now attach to the larger mammals as 
horses, cattle, sheep, mountain goat, deer, and man. Mating takes 
place on the host and when engorged they drop off. The males normally 
die and the females liegin oviposition aftei digesting their blood meal. 
The noimal life cycle occupies two years though there are many varia- 
tions. 

Dermacentor rai lahilia is also a three-host tick. Under favorable con- 
liitions the life cycle from egg to adult may be completed in less than 
two months oi it may require nearly eight months depending on the 
time the eggs are laid, the available food supply and other factors. The 
larval and nymphal stages occur mostly on mice; mamly meadow mice, 
pine mice and white-footed mice. The adults prefer the larger mammals, 
particularly the dog, Man is readily attacked. 

The ticks obtain the rickettsias (Z>. rtekeUat) from their rodent hosts. 
These develop in the ticks and invade all tissues including the developing 
eggs. The infection passes from larva to nymph to adult and thence to 
the eggs. Man becomes infected when an infected tick engorges on him. 
In nature the pathogen is spread among the rodent hosts by infected 
larvae, nymphs and in the case of D, vanabtlta and D. occidentaha by the 
infected adults as they readily attach to many of the larger rodents. 
Again the ;i;gbbit tick, Haemaphy salts leparts-paluatrisy serves as a vector 
among xo^ts, especially rabbits. Parker and his associates consider 
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the rabbit tick one of the most important agents in the spread of the rick- 
ettsia among rabbits and thus maintains and extends the animal reservoir. 

Otheb Tick-borne Diseases. — The other tick-bome rickettsia 
diseases are exanthematous fever (fifevre boutonneuse), widely distrib- 
uted about the Mediterranean Basin and transmitted by Rhipicephalus 
sanguineus; Sao Paulo fever of Brazil, transmitted by Amblyomma 
cajennense, A, striatum and Rhipicephalus sanguineus; fever of 
Montana and Australia, transmitted by D. andersoni in Montana; 
Tobia spotted fever of Colombia of which the vector is not known; tick- 
bite fever of east and south Africa of which the vectors arc not certainly 
known though Hyalomma aegyptium and R, sanguineus are good experi- 
mental transmitters; Colorado tick fever transmitted by 7). andersoni; 
and some other obscure diseases. 

In addition tick paralysis is of some importance. D. andersom is the 
criminal in America; Ixodes pilosus in S. Africa; /. holocyclus in Australia; 
/. ricinus in Europe; and certain other species in other parts of the world. 

Tularaemia. — This bacterial disease (caused by bacterium tularense) 
of man and animals is merely mentioned here. Ticks plaj'’ an important 
part in the maintenance of the disease in nature and in human infections. 
The disease is widespread in this country, in Russia, Japan, Canada, 
various parts of Europe and probably other parts of the worhi. The 
wild reservoir is in rodents and also ground-loving bi ds. ITk* resi^rvoir 
is maintained by such ticks as Dermacentor andersoni, 1). vanahths and 
Haemaphy salts leporis-palustns; by certain horseflies (Tabanidae) and 
some other parasitic insects. In ticks the infection is passed to the 
young in the eggs. The interrelations involved in the maintcnanct of 
the natural reservoir of this disease and human and animal infections 
are very complicated and time will not allow a full presentation here 

The Other Acarina 

Here should be mentioned the chiggers, Tromhidium imtans (now 
designated as T. alfreddugest) of the Americas, T. autumn alts of Eurojie, 
T. hirsti of Australia, and other species in various parts of the world. 
These extremely annoying mites arc terrible jiests to men in the army. 
In addition to the irritation and itchiness causi*d by them, their bites 
and the abrasion of the skin due to scraUdiiAg are constant 0 }K*n wounds 
for more serious infections. Furthermore some of them are suspected 
to serve as vectors of various forms of typhus as ‘^Scrub-Fever*^ in 
Malaya. 

Tronibidium akamuski is the vector of kedani or Japanese* river fever. 
The mite is parasitic, in the larval stage, on mice, attaching largely in 
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and about the ears. The larvae feed for three or four days and then 
drop to the ground where they molt to the nymphal stage. The 
n 3 rmphal and adult stages are free living and said to feed on decaying 
organic matter or the juices of plants. The mice are the i^rvoir 
of the pathogen, Rick^tsia orierUalis. The rickettsia passes through 
the egg to the larvae and man becomes infected when larvae, carrying 
the parasite, feed on him. The disease is present in Japan, Formosa, 
China, Indo-China, the Malay Archipelago and Australia. 

THE CLASS HEXAPODA 

The Hexapoda or insects are familiar to everyone. Probably no, 
group of animals is referred to more lightly by the average person, both 
educated and uneducated, than this vast and dominating class. They 
are present everywhere from the poles to the tropics, from the lowest 
valleys to the highest mountain tops and utilize the air more than any 
other group of animals. They have been captured floating in the air at 
more than 14,000 feet altitude and all evidence indicates a vast quan- 
tity of them are constantly floating about in air currents. Insects 
occupy practically every spot on the globe except the oceans, the inland 
seas and our deepest lakes. They constitute man^s most important 
contenders for food and shelter, attack his person and rack his body with 
disease. Yet despite all this it is doubtful if man could survive without 
the many beneficial insects that do him untold services. We can discuss 
only a few important orders and families associated with the trans- 
mission of human diseases. 

The Order Hemiptera 

The species belonging in this order are mainly phytophagous. Only 
two families contain forms that attack man. TTie family Cimicidae, 
the bedbugs, and certain species of the assassin bugs, Reduviidae, are 
known to seek human blood. As far as known bedbugs are not directly 
responsible for the transmission of human disease. In the Reduviidae 
certain species of Triatoma {Mestor), RkodniuSj Eraiyr'uSj and one or 
two other genera serve as the vectors of Chagas’ disease. This disease, 
caused by Trypanosoma cruzi, occurs in parts of South America and 
Central America. The natural reservoir of the trypanosome occurs in 
rata, wood rats and certain other animals. Thou^ the trypanosome 
occurs in our country, no human cases have thus far been reported. 

The Order Axipplura 

In this oi^der are placed the biting and sucking lice. Here only the 
sucking Hoe are of primary interest.' Thou^ some 200 species of sucking 
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lice are known, only two species occur on man. These are Pedictdus 
humanua var. capitis and var. corporis and Phihxrus pubis. The latter 
species is not known to play any part in the dissemination of human 
disease. 

The head louse, Pediculus humanus var. capitis^ is present in varying 
numbers on man throughout the world. The abundance of head lice 
depends largely on the habits of the population. This is also true for 
the body louse, P. humanus var. corpons. Lice are usually more abun* 
dant when heavy clothing is worn and infrequently washed; or when 
people are crowded, ill-fod and poor; or where the hair of the head is 
allowed to grow with infrequent washings. In many tropical countries 
where the population is practically naked the body louse is not abundant 
though the head louse may be present in considerable numbers. 

The life cycles of the head and body lice arc very i^ilar. The head 
louse lays its eggs normally on the hairs; the body louse prefers the 
clothing though it will lay them on the body hairs. Each female may 
lay 279 eggs at the rate of 9 eggs a day (Buxton). The female normally 
lives about 34 days. The eggs hatch in 9 days and the nvmph becomes 
mature in 9 days. According to Buxton there is normally 30 per cent 
mortality of the eggs and 40 per cent of the nymphs. Allowing for 
this high death rate and starting with a single fertilized female^Buxton 
estimates a total population of nearly 15,000 eggs, r mphs and adults 
in 80 days. It will thus be seen the rapidity with which a louse popu- 
lation may develop under unsanitary conditions. 

Lice and Diteaie 

The principle diseases transmitted by lice are relapsing fever, *‘epi- 
demic” typhus and trench fever. 

Relapsing Fever. — The variety of this disease transinitU'd by lice is 
caused by Spirochaeta recurrentts. Tliis louse spirochete cannot be 
transmitted by ticks (Buxton) and is said to hostnapecific. The only 
reserv'oir of this spirochete must be man or the louse, for man is the only 
known host of the louoC. The louse obtains the spirochete in taking 
blood from an infected individual. Within the louse, the fate of these 
spirochetes is differently interpreted by various studenti^. Chung and 
Feng traced the spirochetes through the intestinal wall into the haemocele 
and within a few hours to several days the spirochetes multiplied, 
eventually being found in all the open spaces of the body and appendages. 
Here they persist as long as the louse lives. Unlike the tick spirochete 
{Spirochaeta duttoni) there is no transmission through the egg and no 
invasion of the tissues, Transmission takes place only by the crushing 
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or rupturing of infected lice on the injured skin or possibly through the 
uninjured mucous membranes. As lice travel readily from individual to 
individual, especially imder crowded conditions, it is easy to see how 
the disease may spread. 

Louse-bome relapsing fever is widespread in eastern and southern 
Europe, most of Asia, parts of North Africa and a vast belt stretching 
across Africa south of the Sahara desert east almost to the coast in 
Italian Somaliland. In South America it is recorded from Peru. It is 
also reported from Australia. It is doubtful if it occurs in North 
America though it seems to be indicated as present in northern California 
and perhaps Oregon. 

Probably the most recent epidemic of louse-bomc relapsing fever 
swept across Equatoiial Africa south of the Sahara desert from Upper 
Guinea eastward, southward and northward. It is estimated that 
between 1921 and 1928 over more than 10 |X'r cent of the population 
died from the disease. 

hIpiDEMK’ Typhus.— llic (‘tiological agent of typhus is Rickettsia 
prowazeki. Th(‘ loust* acquires the organism from typhus patients 
during the first ten days of the disease. The nckettsias invade the 
epithelial cells of the midgut where they multiply very rapidly, causing a 
great enlarg(*m(»nt of the Cells which finally ruptun* and discharge 
enormous nuinl)ei’s into the lumen. The rickettsias also multiply in the 
lumen. The breaking down of th<* epitlielial cells brings about the 
death of the louse in alnnit a w(»ek or ten days (Buxton). Human 
infection takes place through fences de}X)sit<*d on injur(‘d skin or via the 
conjunctiva or by crushing infected lice on scratches or abrasions. 
Furthermore the rickettsias can survive in the* dry fwes for more than 
two months, h(‘nce scratching the .skin on which infect (»d feces was 
deposit€‘d pieviously may bring alnmt tlu* dist‘a.se. As lice are restricted 
to man the ms(‘rvoir of the disease is n(»t known, though the studies on 
*'murine” or ^‘eudemic^’ typhus may solve this mystery. 

Epidemic typhus is widespread in Kui*ope, most of central and north- 
ern Asia, extensive areas of South America, Mexico, Ontral America 
and vast areas in Africa. It is said to 1 h* alisent fix>m most of India, 
(^hina, tlu* Malaysian area, Australia and North America. 

Trench Fever. — Trench fever app(*arc*d as a distinct entity during 
the last war. As far as known it has coniplet«»ly disappeared. It will 
be interesting to sec if it reappears during the present conflict. It is 
caused by ificketUia qmntana and is louse-borne. 
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The Ordtr Diptera 

The Diptera or flies are usually easily recognized as adults. They are 
generally small to minute, possess only a single pair of wings which arc 
thin and membranous, and are active in the daytime or during twilight 
hours. There are many exceptions to such a generalization but the vast 
majority would be included. It is only among the blood-sucking and 
parasitic flies that we find the most marked exceptions. In their early 
stages as larvae or maggots we are confronted with the most extraor- 
dinary variety of habits and habitats. Furthermore, the recognition of 
species in both adults and larvae is extremely difficult and often almost 
impossible. The flies arc undoubtedly the most important order of all 
insects in their relation to man and other animals as transmitters of 
disease-producing parasites, as scavengers, as troublesome i)ests and as 
agents in controlling many of the insects affecting agnculturc. Here it 
will be only possible to present a brief summary of the most imiwrtant 
groups. 


THE FAMILY PSYCHODIDAE 

The adult psychodids may l)e recognized by their hairy wings and 
their wing venation pattern. The subfamily Phlelwtominac' contains 
all the blood-sucking species. Th(*se are minute blood-sucking flies but 
unfortunately we know comparatively littl(» alK)ut the?" biologies and, 
in many cases, less alwiut the method of 1 ransmission ol disc'ases. The 
flies are very small, pass readily through sci(H*ns and Ix'd nets iink'ss the 
mesh is extremely fine. They feed only at twilight oi during the night. 
Their breeding places an* larely found. A bri<*f list of th(* known or 
suspected diseases associated with Phlfhotomu^ is all that can lie men- 
tioned. 

Pappataci or Thrkk-day Ffver. I'his is a dis(*aHe of unknown 
etiology — a virus disease. It is widespiead thioughout tlu* Mediteira- 
nean region, India, Ceylon and South China Its veetoi is Phlehotomus 
papeUdsia, 

Kala Azar, Espundia anf Oriental Sore.— Jb(*se diseases are 
caused by species of heishmama and are widely distributed in the 
regions where active military opeiations aic in progress. How Oiey are 
transmitted remains somewhat doubtful but all tin* (»vidence indicates 
that Phlebotomus species are involved. 

Verruga Peruviana or Oroya Fever. — This may play no part in 
the war as it occurs only in certain mountainous areas of Peru and 
reported from certain small areas in Ecuador. However, the mineral 
and other resources of those regions are important. Hertig (1042) 
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reaches the conclusion that only Phlebotomu9 venucarurn is involved in 
the transmission of the disease. 

THB FAMILY CULICIDAE 

The mosquitoes constitute the most important group involved in the 
transmission of hupian and other animal diseases. Furthermore the 
blood-sucking habits of most of the species cause great distress and make 
life almost unendurable in certain areas of the world. Our troops 
suffer untold agonies from their bites and the diflSculties of protecting 
troops in the field, on sentry duty and in similar work are not easily 
solved. 

Adult mosquitoes are easily recognized as they are practically the 
only flies in which the wing veins and margins are furnished with delicate 
scales. One subfamily, the Chaoborinae, contains no blood-sucking 
forms and the mouthparts are relatively short and not adapted for 
piercing. The subfamily Culicinae contains all the blood-sucking 
8p(‘cies. This subfamily is divided into three tribes of which the most 
important are the Anophelini and Culicini. The total number of world 
species is about J700. Of these about 200 are anophelines and the 
culicines include most of the remainder. 

All species of mosquitoes breed in water and their characteristic 
larvae are easily recognized by anyone who will study them in the most 
superficial manner. In this presentation it is assumed that the general 
outline of mosquito biology is fairly well known and we can restrict 
these brief remarks to certain special features. 

The Anophelines 

Adult anophelines can be recognized by their resting habits and they 
generally have spotted wings. In resting, anophelines hold the body at 
an angle of 30® to almost 90° to the support; in culicines the body is held 
nearly parallel with the head only bent down. The most distinctive 
characters of anophelines are the crescent-shaped scutellum and a long 
straight proboscis with the palpi as long as the proboscis. No other 
mosquitoes have these associated characteristics. The larvae laek an 
anal siphon, normally rest and feed at the water surface and parallel to 
it and are provided with peculiar hair tufts known as ‘‘float hairs” or 
“palmate hairs” on a number of the abdominal segments. The pupae 
can be distinguished but not easily. The eggs are laid on the water 
surface and are provided with characteristic floats. 

At the piescnt time nearly 200 species of anophelines are known. 
These are placed in three genera , — Chagana (3 species), BirtmeUa (6 
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species) and Anaphdss (all the remaining species). It is not possible 
here to present an account of anopheline biology. We have learned that 
species biology is the key to the study and control of anophelines and 
the associated diseases they transmit. 

The Culidnet 

Adult culicines are all the other mosquitoes that lack the combinations 
of characters indicated for anophelines. The larvae possess an anal 
siphon, feed and rest hanging at a distinct angle to the water surface. 
The eggs are laid in various places but alwa3n3 on the water, near water 
or where water may be expected to occur. The eggs never possess 
floats. The culicines are divided among some 28 to 30 genera. It is 
not feasible to present a general summary of the biology of the culicines 
as species biology is our only key to effective means 6f controlling them 
and the associated diseases they transmit. 

Mosquitoes and Human Disease 

Malaria. — Malaria is probably the greatest scourge of mankind. 
This statement seems to be adequately supported by what is occurring 
in the great battlefields of the present war. If you look at a world dis- 
tribution map of highly endemic areas of malaria it may be seen that 
great masses of troops are being concentrated the»v. Man and ano- 
phelines are the sole propagators and reservoirs of malaria. In order 
that malaria may occur in any region there must be a human reservoir 
of viable gametocytes of one or all the species of human Plasmodium, 
Then there must be present species of anophelines that seek human 
blood and in which the sexual and sporogonous cycle of the parasites 
can be completed successfully. Our knowledge of anophelines indicates 
that many anophelines do not seek human blood and hence do not play 
any significant part in the dissemination of malaria. However, ex- 
perimental data indicate that practically any species of Anopheles can be 
infected and the gametogonous and sporogonous cycles completed. 
However, if such specicc do i*ol or only rarely feed on man they can only 
play a minor role in malaria transmission. 

At the present time only some 20 to 30 species of anophelines seem te 
be incriminated as dangerous transmitters of malaria. By concentrating 
on a study of the bionomics of these species and adapting our control 
measures to species sanitation, it is always possible to rid any region of 
malaria or reduce it to minor importance if funds, labor and adequate 
scientific direction are available. Such work has been accomplished in 
certain parts of the world where endemic and epidemic malaria are 
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hazards to great governmental undertakings or vast business enter- 
prises. Today our Army and Navy are face to face with a vast malaria 
problem and it is difficult to see how it can be successfully met under 
battle conditions. 

What are the principal malarial transmitters throughout the world? 
We do not know them all and furthermore we do not know the bio- 
nomics of many species with which our armed forces must deal. If we 
did, plans could be made in advance and carried out very efficiently 
even under war conditions (see table 1). 


Table 1 

The Moee Important Malaru-tbansmittino Anopheunes or the World 


Species Breeding places 

A. Neartic Region 


A, frubomi Aitken Fresh clear seepage water, rice 

fields, irrigation ditches and 
simile places 

A,gmdnmacuiaiuB Fresh- water pools, ponds, 

day margins of lakes, swamps, cat- 

tail marshes, and similar places 



Clear water rich in algae and 
exposed to sunlight 


B. Neotropical Region 


A. aJhimanuM 
Wiedemann 


A. ogiM^is Curry 
{iarsirmicidattiB) 


Sunlit exposed collections of 
water, stagnant or pure, fresh 
or brackisn; lake breeder when 
aquatic vegetation covers 
water 

Brackish-water areas and at 
times in fresh water (rice fields) 


A. bellator 
DyarAKnab 
A. daHingi Root 


A,aambkie Giles 
(cotUUiB) 

A ^pmidopuncHpennia 
Theobald 


Breeds in water at leaf bases 
of bromeliads 

Pools with vegetation; in sur- 
face mats of vegetation; 
shaded pools and lagoons 
Pools, slow streams, hoof- 
print^ puddles, seepage water, 
etc. 

Clear water rich in algae and 
exposed to sunlight 


Distribution 


Interior valleys New Mex- 
ico, California, and Oregon 

Eastern United States from 
New Hampshire to south- 
ern Ontario, west to Minne- 
sota and south to central 
Texas 

Mississippi Valley north 
to oentraiOklahoma,Texas, 
Mexico, Central America, 
Grenada, Trinidad, South 
America except Brazil 


Southeast Texas, Mexico, 
Central America, north- 
ern South America, West 
Indies quite generally 

Central America, Vene- 
zuela, Guianas, Brazil, 
West Indies 

Trinidad, Venezuela, Brazil 

Central America, north- 
ern South America, Brazil, 
Argentine 

Region of Natal, Brasil 
(now thought exterminated 
there) 

Misoasippi Valley north 
tocentru Oklahoma, Texas, 
Mexico, Central America, 
Grenada, Trinidad, South 
America except Brasil 
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Tablb 1 (Conlinued) 

Species Breeding places 

C. Palbarctic Heqion 


A, algerienM 
Theobald 

A. hyrcanus var. 
tnnensis Wiedemann 

A. maculipennis 
(varieties) Meigen 


Stagnant weedy water, clear, 
slow -flowing streams with 
aquatic plants 

Open swamps, pools, rice 
fields, drains, canals, and slow- 
flowing streams 
Great variety of waters both 
fresh and brackish. Details 
of varieties not complete 


A. multicolor 
Cambouliu 


Breeds in saline desert waters 
(salt pans), small pools 


A.pharoerms 

Theobald 


A, iocharooi Favr 
(eJutua Edwards) 


A, superpiclua Grass! 


Bice fields, flooded lands and 
grassy pools. 

Stagnant pools not foul, pud- 
dles, margins of slow-flowing 
streams 

Pools in beds of hill streams or 
mountain rivers in irrigation 
channels 


Distribution 


Mediterraneap region east 
to Mesopotamia and Turk- 
estan 

North and Central China, 
Korea, Japan; Mediterran- 
ean re^on, Mesopotamia 
Europe, North Africa, 
Central and part of north- 
ern Asia. Wide distribu- 
tion 

North Africa, Egypt, des- 
ert oases, west to Baluch- 
istan , 

l^gypl) Palestine 

Southern Europe, North 
Africa, Asia Minor, Pales- 
tine 

^ain, Italy, Balkans, 
Greece, Algeria, eastern 
Mediterranean area, Meso- 
potamia, northwestern 
India, Turkestan 


A, aconiiuc Donitz 
and var. filtpinae 
Manalang 

A. annularis 
Van der Wulp 


A. haihiroslris 
Van der Wulp 


A, culictfacies Giles 


A. fluviatilis James 
(litUmi Giles) 


A, leucosphyrus 
Ddnits 


D. Oriental Region 

Swamps, ponds, pools with 
gramy edges, rice fields, irri- 
gation ditches 

Weedy stagnant waters, mar- 
gins of laaes, tanks, moatb, 
rice fields, drains, stream 
pools, swamps 

Deep stagnant water with 
muen vegetation and prefer- 
ably in S^e as n^gins of 
lakea swamps, sluggish rivers, 
rice fidds 

Clean fre«»h water, irrigation 
cnannels, pools in canals, riv- 
ers, slow-moving streams, tem- 
porary rain pools; also in 
bradash water 

Pools in stream be(^, and slow- 
flowing streams with vegeta- 
tion, springa e^es of swamps, 
ponds, rice nelds 
Breeds in deep jungje and for- 
est pools, beside rodey streams, 
sha^ swamps 


India, Ceylon, Burma, 
Siam, Borneo, northern 
East Indies, Philippines; 
wide distribution 
India, Ceylon, Burma. Ma- 
layan area, Borneo, Pniliii- 
pines 

India, Ceylon, Burma, Ma- 
layan region. Now Guinea 


India, Ceylon, Siam, (yhina 
(Yunnan) 


India^ Ceylon, Siam, 
Tonkin, Turkestan 


India, Ceylon, Butma, 
Siam, French Indo-Chiua, 
Malay Peninsula, Nether- 
land East Indies, Borneo 
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Table 1 (Continued) 


Species 


Breeding places 


Distribution 


A. maculatue Stream and rivei^bed breeder, 

Theobald fast- flowing streams with 

grassy edges and small poob 


i4 . minimus Theobald Slow- running streams with 
and var. Jlavirostria grassy edges; margins of 
Ludlow swamps, ditches, ponds 


A, eubpiciue Grass! Small jpools, excavations, bur- 
row pits, artificial containers, 
roof ^tters, rice fields, irrigar 
tion ditches 


A. eundaicue Brackish-water pools 

Kodenwaldt 


A. umhroeui 
Theobald 


A, atephenei Giles 


A jungle breeder in stagnant 
pools, pockets of water among 
trees, mangrove swamps ana 
shaded mountain broolra 

Pools in rivers and stream 
beds, sluggish creeks, drains, 
wells; also in brackish water 


India, Ceylon, Burma, 
Malay Peninsula, Nether- 
lands Bast Indies, Borneo; 
French Indo-China, Siam, 
Philippines 

India, Ceylon, Burm^ As- 
sam, Inao-Chin^ Siam, 
southern China. Formosa, 
Malay Peninsula, Nether- 
lands East Indies, Philip- 
pines 

India, Ceylon, Bur^ 
Netherlands East Indies, 
Malayan region^ Celebes, 
Moluccas, Philippines, 
southern China, French 
Indo-China 

Eastern India, Burma. An- 
daman Islands, Malayan 
region 

Malayan region, Celebes, 
eastern India 


India, Burma, lower Meso- 
potamia 


E. Australian Region 


A. annulipea Walker Pools, marshes, creeks, brack- 
ish water? 

A, punctuUUua Dfinits Pools, swamps, puddles, stag- 
nant water 


A. punctvlatiia 
var. moluccenaia 
Swellengreliel and 
Sw. de Graaf 


All kinds of water, fresh or 
brackish, artificial collections 
in coconut shells, containers, 
etc. 


Australia, Tasmania, ?New 
Hebrides 

Northern Australia, New 
Guinea, Solomons, New 
Hebrides, New Britain, 
?New Caledonia 

New Britain, New Guinea* 
Moluccas, Solomons 


F. Ethiopian Region 


A.funesiua Giles 


A. gambiae Giles 
(coaialia) 


A. hargraaveai Evans 
k 


Swamps, weedy margins of 
streams, rivers, furrows, 
ditches, ponds, seepage areas 

Open pools, hoofprints, pud- 
dles^ seepage, water holes, 
drams, pools in stream beds 

Open swamps, among Pisfio, 
in clear water in open jungles, 
grassy borders of jstreams 


Tropical Africa south to 
Natal; widely distributed; 
Mauritius 

Practically all of Africa 
south of Sahara desert; 
Madagascar, Mauritius 

West Afrio^ southern Ni- 
geria, Belgian Congo 
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Table 1 (CorUtnued) 

Breeding places Distnbution 

A. movcheti Evans Grassy margins of streams, Central and eastern Bel- 
rivers, pools and ponds with gian Congo, Uganda, ?Tan- 
vegetation ganyika 

A. ni/i Theobald Aloi^ shaded banks of clear Across tropical Africa, lo- 

flowing streams and rivers, oc- cal in its occurrence 
casionally in swamps and 
ditches 

The problem of malaiia among our troops will lie a serious one. 
Another important phase is the transportation of “good” malaria trans- 
mitters from one region to new areas and the introduction of malaria 
to nonimmune populations. The results of such intro(Juctions are well 
exemplified by the terrible epidemic in Mauritius (1805 1807) in which 
more than 25 per cent of the population peiished in one year and the most 
recent ones in Brazil (1931 and 1938) wh(‘re in certain areas 90 p(‘r cent 
of the population were infected and an estimated death rate* of 10 per 
cent. The movements of ships and planes today means tha^ the islands 
of the Pacific may all become the home of malaria-transmitting mos- 
quitoes, even including the Hawaiian Islands. If our Japanese enemies 
determined to hit us hard they could inttoduce a good malaria trans- 
mitter to the Hawaiian Islands and probably the* r(‘sul would l>e catas- 
trophic. It will be difhcult to avoid the spread of mosquitoes as they 
readily invade planes and ships. On planes, I am informed, the re- 
cesses where the landing gear is withdiawn is an i(i(*al place for mos- 
quitoes. Will such places be ideal for transporting inos(|uitoes and 
some other insects? 

Dengue. — Dengue is widespread thioughout a vast area of ♦he world. 
Our troops are largely concentrated in dengue areas as in North Africa, 
the islands of the Pacific and Australia. 1 )engiie is transmitted by only 
two species of mosquitoes, Aedes acgypti and A. alboputus. It is a virus 
disease. The mosquito can be infected by taking blood during the first 
three days of the febrile attack. About (*leven days are required for the 
developmental cycle in the mosquito). Once infected the mosquito is 
capable of transmitting the disease as long a** i( lives, in some cases nearly 
three months. 

The disease is not serious but is debilitating and often appears in 
epidemic form. In the Athens epidemic (from Sept. 1927 to Sept. 1928; 
some 90 per cent of the population suffered from the disease and m 
Athens alone some 239,000 cases were reported. In Miami in July, 
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1934, over 1000 cases were reported and within a month some 6000 cases 
developed. The epidemic spread to Jacksonville and thence to Georgia 
where several thousand cases were reported. This sudden epidemic, 
like the one in 1922 in Texas, illustrates the prevalence of Aedes aegypti 
in our South. 

Yellow Fever. — Yellow fever may not play a serious role in our 
armed forces. An excellent vaccine is available and this should provide 
adequate protection. However, the widespread distribution of the 
disease in Africa and South America indicates a potential danger to the 
native population under wartime conditions. Furthermore, the spread 
of the disease to the Oriental and Australian regions is always possible 
and probable. In South America there is an extensive reservoir of 
jungle yellow fever and probably also in Africa. The mosquito vectors 
are present throughout nearly all regions of the world but most pre- 
dominant in the tropical and subtropical areas. The reservoir of the 
disease is recorded as primarily among animals. The following are 
listed by the Rockefeller Foundation report for 1940: 

Primates Man and monkeys 

Marsupials All species of opossums 

Edentates Anteaters, slot^ and armadillos 

Rodents Agouti, paca, capybara, some species of mice 

In addition we should not forget that Aedes aegypti retains infection 
for a long period; Bauer (1940) records keeping an infected individual 
alive for 200 days. How long this mosquito can live in the wild and retain 
the ability to transmit the disease is not positively known (see table 2). 

Filauiabis. — Filariasis due to Wiichereria bancrofti (table 3, A) is 
prevalent in nearly all the areas where our troops are at present fighting 
or where they are located in large numbers, except in Great Britain. 
Though invasion by filarial worms may not affect our troops for some 
time, yet those infected will be an excellent source to infect our native 
mosquitoes. Some 7 AedeSj 28 Anopheles^ 6 CtUez and 4 Mamonia 
species are known to be efficient transmitters. Of these 45 species 20 
have been found infected in the wild. 

In addition we have Filaria malayi (table 3, B) distributed through- 
out the Netherlands Indies, Borneo, New Guinea, Travancore (India) 
and about Huchow in China. '^The intermediate hosts are mosquitoes. 
Onchocerca volvulus (table 3, C) is distributed widely in tropical 
Africa, southern Mexico and parts of Guatemala. The intermediate 
hosts are* species of black flies (Simuliidae). 
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Table 2 

Mosquitoes Involved in the Transmission of Yellow Fever 
Species Breeding places Distribution 


Aedes aegypti^ 

Aedes africanui^> 

Aedea albopiciua^’ ^ 

Aedes fluviaHluP' ^ 

Aedes fyltnihoraif^> ^ 
Aedes genicitlatuafi^ ^ 
Aedes irritanaP* ** 
Aedes Uucocelanus^> 
Aedes nigricephaluaP' 
Aedes nubilutP' 

Aedes punctocostalis^ 
Aedes simpsoni^^ 

Aedes serraius^ 

Aedes slokesi^' ^ 

Aedes terrene^ 

Aedes iriserialutP' ^ 
Aedes scapularisP* ^ 
Aedes taeniorhynchus^ 
Aedes viUatusP' ^ 

Ereimopodites chryso- 
gaster^> «* 

Culex fatigansP' ^ 

Culez thdUissiuiP> 

Taeniorhynchus 

africanusP’ 

T. umformisP> ^ 

T. aUncostaP 
T. fasciolatusP 
T, amasonensisP 
r. tUiUansP 

Psorophara cingulaUiP 
P.feroxP 


Artificial containers 
TVee holes, stumps, artifi- 
cial containers 

Artificial containers 

Rook holes; clay rings, ant 
rings 

Tree holeti 
Tree holes 

Crab holes, salt areas inland 
Tree holes 
Crab holes 

Temporary ground pools 
Crab holes 

Tree holes, bamboo stems; 
leaf axils 

Temporary rain pools 
Tree holes, banana and 
bamboo stumps 
Tree holes 
Tree holes 
Rain pools 
Saline marshes 
Rock pools, drains, artifi- 
cial containers 
Cacao husks, coconut 
shellsj snail shells, artificial 
containers 

Domestic; all sorts of con- 
tainers 

Crab holes, inland salt 
areas 

Larvae and pupae attached 
to aquatic plants 
As above 

As aoove 
As above? 

As above? 

Larvae and pupae ^ at- 
tached to aquatic plants 
Temporary rain pools 
Temporary rain pools 
Water in tree holes 


Tropics and subtropics 
Ethiopian 

Oriental and eastern Nearc- 
tic regions 
Neotropical 

Neotropical 
Palearctic 
West Africa 
Neotropical 
Ethiopian (West) 
Neotropical 
Ethiopian (West) 
Ethiopian 

Neotropical 

Ethiopian 

Neotropical 
Kearctic > 

Neotropical 
Neaictic, Neotropical 
Ethiopian, Oriental 

Ethiopian 

Tropical and semitropical 

Ethiopian 

Ethiopian 

Ethiopian, Oriental 

Australian 

Neotropical 

Neotropical 

Neotropical 

Neotropical 

Neotropical 

Nearotic and Neotropical 
Neotropical 


Hetemagogus capricomtiP* 


• Priacipal vector. 

^ Known infected in the wild. 


• ExperimenUl UeneaiMion. 

* Good iiicubet4Bfn. 
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, Tabui 8 

Inssct Tbansmittbbs of Filabiabib 


Speeiet Infeetion reported General distribution 


A, Wudunria banernfH 


A«d$iMgypti^ 

West Africa; New 
South Waiee 

Tropical and subtropical re- 
regions 

Asdet olbolifiaotui^ 

Malaya 

Malayan region; Solomons 

Aedet aupiui^ 

Palestine 

Europe, North Africa, Asia 
Minor, Central Asia, Punjab 

Aedes dstmetot^ 

Malaya 

India, Malaya, Philippines 

Aedes mediopuncUUtit^ 

Malaya 

Malaya, India, Ceylon 

Aedsi tcutellarii^ 

Fiji, Pacific Islands 

Papua, Solomons, Amboina, 
Philippines 

Aede$ togoi^ 

Japan 

Japan, China, eastern Siberia 

AnopheleM aUbimanui^ 

Caribbean area 

Florida, southeastern Texas, 
Central America, Venesuela to 
Brasil, West Indies 

AnaphekB albtUtrBia^ 

Brasil 

Argentina, Brasil 

AnopheUi algeritnM^ 

North Africa 

Mediterranean region 

Anopkdti amici!ttf^ 

North Queensland 

Tropical Australia 

Aniphdu hanerofU^ 

New Guinea 

Northern Australia, New 
Guinea, Philippines, Ceylon 

AnophdeM barinroatru^ 

India, Celebes 

India, Ceylon, Malayan region, 
Philippines 

Africa, Madagascar 

AnaphtUi gambiat^ 
Anophde* coustam 

Africa 

Mauritius 

AnopMet anntUan$*> 

India 

IncBa, Malayan region, PluUp- 
pines 

AnopKtlet funestut* 

Africa 

Tropical Africa, Mauritius 

AfkJpMsi hgroanus 
var. ntgemmu$* 

Travanoore 

India, Ceylon, Malaya, Bor- 
neo, Philippines 

A, h. var. rinensM* 

Shanghai, Siam 

China, Japan, Formosa 

A. jtyportemit^ 

Hong Kong 

Eastern India, Formosa 

A.lvdlow^ 

India 

Eastern India, Malayan region, 
Philippines 

A. mocidolus* 

Hong Kong 

Oriental region 

A. maeuHpalpis'* 

Mauritius 

Africa, Mauritius 

A. mauriUantu^ 

Mauritius 

.\frica, Madagascar 

A, nUmmut^ 

Hong Kong 

Eastern India* Malaya, Hong 
Kong, Philippines 

A. paUiduB^ 

India 

India 

A. pkiUppinstmt^ 

India 

Burma, Malaya, Philippines 

A. puiicttdcrfiis var. 
meliiOMfuti* 

New Guinea 

New Guinea, Moluccas, New 
Hebrides, New Caledonia, Sol- 
omons, northern Australia 

A. rhpd$iwm^ 

Sierra Leone 

Tropical Africa 

A. Bpltndidut^ 

Hong Kong 

India, southern China, Formosa 

A. syuaiMetiM^ 

Sferra Leone 

Africa, Madagascar 

A. eiil|ri6liit^« 

India 

Oriental ragton 
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Tablb 8 (Continued) 


Species 

Infection reported 

General distribution 

A, itephenii^ 

India 

India, Lower Mesopotamia 

A, eubpictui^ 

India 

India, Malayan region 

Culexfatigam^ 

Widespread 

Tropical and subtropical re- 
gions 

Culex fuacanus'* 

China 

Oriental region 

Culex gelidue^ 

Malaya 

Oriental region 

Culex pipiena^ 

China, Japan, Egypt 

Temperate regions 

Culex aitiena** 

Malaya 

Coastal regions from east 
Africa to Fiji 

Culex whilmorei^ 

Malaya 

Oriental region 

Taemorhynchua afrtcanua^ 

Africa 

Ethiopian region 

Taenim'hynchua 

Tonkin 

Burma, Siam, Indo-China, Java 

Taeniorhynchua 

Brazil 

Brazil > 

juxiamanaoniua^ 

Taeniorhynchua 

Africa 

Africa, Oriental region, north- 

umformia^ 


ern Australia 

B. Ftlarta malayi 

Taeniorhynchua annulatua^ 


Oriental region 

Taeniorhynchua annulifera* 


Oriental region 

Taeniorhynchua bonneae^ 


Oriental region 

Taeniorhynchua uniformia^ 


Africa, Oriental regioft 

Taeniorhynchua indianua^ 


Burma, Siam, ludo-China, Java 

Anophelea barbiroatria^ 


Oriental region 

Anophelea hyrcanua var. ainenaia* 

Oriental region 

Anophelea punctulalua^ 


Australiasiau region 

Anophelea minimua^ 

Indo>China 

Oriental region 

Anophelea jeyporienaia^ 

Indo-China 

Oriental region 

Culex fatigana^ 


Tropical and subtropical 

Culex paUidothoras^ 


Oriental region 


C, Onchocerca volvnlus 


Simulium damnoeum; S. amdum; S. ochraceum; 3. neavei; S, mooeeri (all black flies; 
family, Simuliidae) 


■ Natural infection. 

^ Experimental infection 


Human Encephalitis. — Equine encephalomyelitis, a virus disease, 
was recognized in horses in the U. S. before, 1 900 but the virus was not 
isolated till 1931. Since then two strains, an eastern and a western, 
have been isolated. Equine encephalomyelitis is widespread in Canada, 
parts of South America, Panama, Central Europe, Russia, India, and 
Japan. 

Human infections were first recorded in Massachusetts in 1938 and 
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California the same year. Since then the disease in humans has been 
rather rare till the great outbreak in the Northern Plains States and 
Prairie Provinces of Canada in 1941. In that year more than 3000 
human cases are recorded with a death rate varying from 9 per cent to 
16 per cent. 

Mosquitoes have been incriminated and some 12 species of mosquitoes 
have been shown capable of transmitting the disease to experimental 
animals. In 1941 Cvlex taraalta was found naturally infected in the 
state of Washington. Also the tick, Dermacentor anderaontf has been 
shown to transmit the disease experimentally. 

The reservoir of the disease is recorded in a variety of animals includ- 
ing birds and the domestic fowl. 

THS FAMILY MUSCIDAE 

llie family Muscidae is difficult to define or indicate the limits of the 
forms included. It is composed of at least two subfamilies, the Stomoxy- 
dinae, and the Muscinae. The former includes all the well-known 
blood-sucking species; the latter, all the more common flies about our 
homes. 

The blood-sucking forms belong mostly to the genera Stomoxys, 
Haemotolna, Siygeromyta, Haematohoaca, BdeUolarynx, (Jloaaina, and a 
few others. 

Stomoxya calatrans. — This biting stable fly is widely distributed 
throughout the world. It is a vicious blood-sucker and is most active 
in bright sunny weather. Though, undoubtedly, it prefers animal 
blood, yet it readily attacks man and when abundant renders life almost 
unbearable in the open. It is not known to serve as a vector of disease 
except in a mechanical manner through interrupted feedings. In this 
manner it can transmit such diseases as anthrax, tetanus, trypanosomi- 
asis, and probably other blood infections. 

The Glossina or Tsetse Flies. — The tsetse flies are restricted to 
Africa. They occur m the tropical and subtropical regions extending 
south of a line drawn from the mouth of the Senegal River on the west 
coast east through Lake Chad and Lake Rudolph to a point about 4^ 
N. Latitude on the east coast; the southern line extends from the mouth 
of the Cunene River east along the southern border of Angola, thence 
southeasterly to Zululand. Within this area there are some twenty 
species of Gloastna flies and a few subspecies. Though they occur wide- 
spread in this area, the various species are restricted to more or less local 
habitats usually called '*fly belts.” 

The aduHs are long lived; some species live more than 250 days. 
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They can migrate considerable distances but due to their special require- 
ments for food, shelter and reproduction they occupy particular areas 
(“fly belts“). Both males and females are vicious bloodnguckers. The 
females do not lay eggs, but a single egg at a time passes into a uterine 
cavity where it hatches and the larva obtains its food from the so-called 
“milk-gland.’^ The larva matures in from 10 to 12 days. The mature 
maggot is then laid in dry soil, always in the shade, and, in some species, 
in close proximity to water. The larva pupates and the pupal period 
varies from 21 to more than 60 days, depending on the species and the 
temperature. The reproductive capacity of the various species is not 
well known. 


Glossina Flies and Disease 

Glossina flies are the intermediate hosts and vectors of many African 
trypanosomes. They are the only known vectors of human sleeping 
sickness caused by Trypanosoma gambiense and T. rhodesiensc. Gam- 
bian sleeping sickness, caused by T. gambiense, now extends across 
Africa from about 15° N. to 15° S. Latitude In this area there arc 
many regions where the infection does not exist, though other regions in 
this area show a high rate of infection. Rhodesian sleeping sickness, 
caused by T. rhodesxense, is restneted to Rhodesia (northeast and south), 
Nyasaland, Portuguese East Africa, Tanganyika and parts of Mozam- 
bique. 

Glosmui palpalis is the principal vector of T. gambtense, G. rnorsitans 
is the important vector of T. rhodesiense. These flies obtain the tryp- 
anosome from persons suffering from the disease. Within the fly the 
trypanosomes undergo a cyclic d(»velopment m the fly’s intestine, and 
eventually pass up the (‘sophagus and gain entrance to the salivary 
glands. Here they develop to the infective stage. This cyclic develop- 
ment requires about twenty days. The infected fly transmits the tryj)- 
anosomes while feeding, and can transmit them as long as it lives. 

The other species associated with the transmission of T. gambiense are 
(r. morsitans, G, fuscaj G. palhdipes and Or. iachinmdes. In the case of 
T, rhodesiense, Glossina swynnertoni is also an important vector. 

The Order Siphonatera 

Fleas, as adults, are all intermittent external parasites of wann-blooded 
animals. Man is attacked by a number of species and certain species 
serve as vectors of Bacillus pestis (plague) among rodents and to man, 
others are intermediate hosts of some helminths. 

Tunga penetrans, the chigoe, is widely distributed in tropical America 
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and Africa. The habit of the female in burying herself in the skin of the 
host makes it a serious pest of man. In man the favorite places of at- 
tack are between the toes and under the toe nails. The enlarging fe- 
males cause intense itching and inflammation. Ulceration and second- 
ary infections commonly occur. This may result in gangrene and not 
infrequently tetanus. 

Fleas as vectors of Baciilus pestis, the causative agent of plague, may 
play a serious role in this war. Plague is widespread throughout most of 
the areas where great concentrations of our troops are at present, and 
human cases have been reported in these areas within the past ten 
years. Furthermore, sylvatic plague is now present in many of these 
areas. With pur modem sanitary conditions it is hoped plague may not 
occur among our troops. However, the stress of war, famine and other 
hardships may bring about an epidemic of plague in the native popula- 
tions and this may prove serious. The more important species of fleas 
concerned in the maintenance of plague among rodents are: 

OropsyUa morUana — Among squirrels. Western United States and 
Mexico. 

HophpsyUus anonudua — Spermophiles. Western United States. 

Oropeylla silantjewi — Marmots. Mongolia. 

Ceratophpllus teaquorum — Ground squirrels. Asiatic Russia. 

LeptopayUa aegnia, — Mice, rats. Europe, North America. 

RhopaUopayUua cavicola — The cavy. Argentine and Ecuador. 

Xenopaylla eridoa — GerbUles. South Africa. 

Xenopsylla braatlienaia — Rodents. Africa, India, South America. 

Noaopayllua faaeiaiua — Rats. Cosmopolitan in temperate regions. 

Xenopaylla aatia — Rats. Oriental region. 

Xenopaylla cheopia, — Rats. Widespread in many parts of the world. 

The species of fleas that are important in transmitting bubonic plague 
from rats to man are: 

Xenopaylla cheopia 

Noaopayllua faaciatua 

Xenopaylla aatia. 

Xenopaylla hraailienata 

The hiunan flea, PuUx irritana, may transmit plague among humans 
during an epidemic but is considered of minor importance. In this same 
categoiy are the cat and dog fleas (Ctenocephalidea felta and C. cants). 

Fleas and Endemic Typhus. — In recent years, fleas have been 
shown to serve as transmitters of endemic or murine t 3 rphus. This is 
said to be a *mild foim of '^epidemic” or *'01d World’’ typhus. Its 



UATHESON: ARTHROPODS AS VECTORS OF HUMAN DISEASES 249 


reservoir is in mice and rats. Its principal vectors to man are the fleas, 
NosopsyUua fasdaiusy Xempsylla cheopta, and probably others. 


DISCUSSION OF THE PAPER 

Dr. 0. H. Curran {The American Museum of Natural History, New York): 

This subject has been covered so thoroughly by Dr. Matheson that there is 
nothing that can be added. However, I shoulcflike to make a few remarks upon some 
phases of diseases carried by insects which might lead to furth^ discussion luid 
possibly to new research. Although we have learned a good deal in the short time 
that we have known of the role of mseots as disease carriers, we may s^ely say t^t 
we still know almost nothing about them. We need more men engagra in this work — 
many more. , , ^ . j . r 

I have long been interested in typhus and trench fever, diseases carried by lice, 
because I haa contact with the latter in the last war. There is vepr gocw evidence to 
indicate that when typhus is transferred by fleas from rat to man it is of a mild form 
and produces immunity, but when transmitted by lice frorn man to m^ it becomes 
very virulent and the aeath rate may be high. I think it po^ible that a BimilM 
situation may exist in the case of sylvatic plague, infesting rodento in the UnitM 
States. Since plague is so widespread in this country and no outbreaks have occurrw 
among hunters and trappers, despite exceedingly large numbers of bitM by fleas, it is 
apparent that there is some limitation on the transmission of sylvatic plague froin 
rodents to man. Indeed, we cannot overlook the possibility that man is not anectea 
by this rodent form of plague. , . 

There is one other disease which I should like to menhon~~mfanWe paralysis. 
I have no doubt that this disease is carried by insects and I alw believe t^t the stal^ 
fly, Stomoxys calnirans, is the chief vector. Brues and othere have dernonstratTO 
that the disease can be transmitted by this fly. The transmission must be purely 
mechanical. It would seem, therefore, that the disease can be earned only as a rwuit 
of interrupted feeding. The fly must have the opportunity to suck some blood from 


a victim of the disease, but not to obtain a satisfymg me^. If hungry *t will Into 
again in a very short time and it could then transmit the disease. If, on 
hand, the fly obtains a full meal it will not feed again for several ^ys. The case 
against the stable fly is very strong, but it seems certain that othw ^ 

also vectors. However, Stomoxys is most abundant at the time that t^ dise^ is at 
its height and since the disease is a 'Wal” one, and the fly is aarociatM with hoiws 
and cattle and abundant about bathing beachw, it seems ^ be the 

Notliing is known of the natural reservoir of jwliomyelitis. The discov^of this 
would be a long step in fighting the disease. I should like to Ay? 

4 -V...A crvrnA Ai^tinonfinn imfwRAii '^distemoer in dogs and infantue 


DOin diseases are mosi. prevaieiib uv ww ^ , -- - u.Ta 

days.’' I realize, of course, that there is no real evidence to support tins theory, but 
at the same time 1 feel that it is worthy of investigation 

Dr. N. R. Stoll (Rodaefeller InstUiUefor Medical Research, Princeton, N. J.): 

It is noteworthy that filariasis, the disease omitt^ 
caused more discussion than the ones mention^. At the city ^ t A- 

have noted that a mild elephantiasis was quite localized just outside of one of the 
city's gates almost to the exclusion of other arew. . pOaria 

A mosquito takes microfilaria to the skin but d<^ not in^ct it. The 
probably enter through the wound. Infected mosquitoes are less viable than m 
quitoes infect^ with malarial parasites. 

Dr. O. C. Shattuok {Harvard Medical School, Cambridge, Mass ): 

We should not lose sight of the fact that bacterial virus and spirochetal diseases 
are important, just as are animal parasites. 
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' Dr. L. T. Oofftthall {Univmity cf'Mkhlgan, Ann Arbor, Mich,): 

There ere abo poeeible rations between olimatio cycles and fatal outbreaks of 
malaria. One such outbreak in Ceylon appeared to be the result of a freak climatic 
cycle. 

Dr. D. L. AufUStlne (Harvard Medical Sthodit Cambridge, Maae,): 

How many vectors have been removed from planes? 

Efply by Dr. MathMOii: 

There are not manv cases of definite identification of insects brought by planes. 
Dr. Coggeshall has shown that most of the insects thus arriving were dead. (Cus- 
toms ofeurrent fumigation practice of airplanes were reviewed at this point.) 

The real hasard is not from usages of the established air lines, but from military 
planes operating ui^der the special conditions incident to war emeigencies. 

Insects known to have arrived in America on planes include one tsetse fly and 
several AnopheUe gambiae. 

Dr. R. Fok (New York Univereiiy, New York, N, Y.): 

It should be noted that Leiehmania can be transferred not only by vectors but 
also from person to person. 



CLINICAL FEATURES OF PARASITIC DISEASES 
AND THEIR CONSIDERATION IN MILITARY 
AND NAVAL OPERATIONS 

By 

THOMAb T. Mackie 

LfteulenarU Colonel, Medical Corps, Army Medical School, Washington, D. C. 

It is apparent that the present war is to be fought, to a great extent, 
in the tropics and in areas adjacent to the tropics in which many tropical 
and parasitic diseases are widely endemic. In consequence, the great 
numbers of men who necessarily will participate in the overseas opera- 
tions of our expeditionary forces are nonimmunes entering hyperendemic 
areas. This immediately presents the complicated problem of protec- 
tion adequate to prevent a high disease morbidity rate and consequent 
serious interference with the conduct of military operations 

In the last war the experience of the armies in Gallipoli, Macedonia, 
the Near East, and East Africa pointed to the gravity of the problem 
and the hazard which tropical disease may create. Because of 4»he in- 
roads of malaria, the French army in Macedonia m 1^16 could put into 
the field only 30,000 men out of a force of 120,000. The British in the 
same area had 30,000 cases of malaria among their troops in 1910, and 
70,000 in 1917. The Germans were likewise similarly affected, so that 
Plasmodium alone was responsible for the immobilization and impotence 
of their armies. The average allied strength in Africa in 1916 and 1917 
was approximately 50,000 men. In that period there w<'rc over 100,000 
hospital admissions for malaria from that force. During the Gallipoli 
campaign the greater part of the 120,000 medical casualties in the British 
Army were from dysentery. These illustrations supply ample evidence 
of the importance of tropical and parasitic diseases in warfare in tlie 
torrid zone and the necessity for adequate control measures. 

The rapidity of movement of modem warfare greatly complicates this 
problem which is essentially protection of personnel against contaminated 
food and water, flies, and the attacks of nuhierous different arthropod 
vectors of disease including various mosquitoes, a variety of biting flies, 
the body louse, several species of ticks, and certain mites. Complete 
protection against many of the endemic diseases in the tropics is difficult 
if not impossible even under optimal peacetime conditions. The tech- 
nique of mechanized warfare and the circumstances of actual combat are 
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guch aa largely to reduce protective measures to those which are directly 
applicable to the individual. Progress in the field of immun igation, 
techniques of field sanitation, provimon of protective unifonns, nets, and 
the utilization of efficient insecticides and repellants combine to render 
the hazards of tropical operations far smaller than might be anticipated. 

Desinte the utilization of all available measures, however, it is only 
reasonable to anticipate a higher sick rate than would be experienced in 
operations in the temperate zone, and that a variety of infections will be 
encountered, many of which are classed as parasitic diseases. 

Bacterial infections do not properly belong in this category. The im- 
portance of bacillary dysentery as a war disease, however, is such that it 
cannot be passed over. The ShigeUa group is widespread over the world, 
especially where local conditions of sanitation are imperfect and permit 
direct contamination of food and drink by human excreta, or indirect 
contamination by flies having access to human feces. The Shiga bacillus 
particularly is widely endemic in the tropics and in the Orient. It pro- 
duces far more serious disease and a much higher mortality rate than do 
the less toxic Flexner and Sonne-Duval strains. 

Bacillary dysentery is important because of the serious acute disease, 
the not infrequent development of chronic dysentery following the 
acute phase, and the relatively high incidence of carrier states which 
may persist for considerable periods of time. Shigella dysentenae 
produces an acute inflammation of the mucosa of the intestine, particu- 
larly the colon, with extensive ulceration, sloughing of the mucous mem- 
brane, hemorrhage, and severe secondary infection of the deeper tissues. 
Shiga bacillus infections, particularly, are commonly accompanied by 
profound toxemia, and in some epidemic outbreaks have been accom- 
panied by mortality rates as high as 50 per cent. Clinically, acute bacil- 
lary dysentery is characterized by fever, toxemia, abdominal cramps, 
severe tenesmus, and stools which after the first few hours consist of little 
other than gelatinous masses of blood-stained mucus swarming with the 
bacilli. There are few diseases which present a greater hazard of infec- 
tion to attendants and even indirect contacts. 

It is impossible to evaluate the ride of chronicity, especially in view of 
the universal use of the sulfonamide drugs in the treatment of the acute 
stage. The British experience in the last war indicates that from 2 to 3 
per cent became chronic. The clinical picture and the pathology of 
chrcnic dysenteiy are identical with those of chronic ulcemtive colitis. 
Such individuals are seldom completely well and commonly suffer re- 
peated acute recurrences over periods of many years. There is probably 
no disease which we have to meet in this war which carries so great a 
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potential threat of chronic invalidism and disability to such large num- 
bers of individuals. 

The magnitude of the carrier problem is likewise impossible to esti- 
mate. Again to cite British figures, in the last war approximately 3 per 
cent of recovered cases became persistent carriers. Actually this figure 
should probably be higher since the bacilli are recoverable from such 
individuals by culture only intermittently. 

With the advent of the sulfonamide diaigs, especially hulfatliiazol, 
sulfaguanidine, and sulfadiazcne, the means of treatment have been 
greatly strengthened. Some reservation is still necessary, however, 
since the efficacy of these drugs against toxic, virulent strains of the 
Shiga bacillus lias not been finally evaluated. In the less severe infec- 
tions produced by the Flexner and Sonne-Duval strains, the results of 
chemotherapy are not entirely clear-cut. Even in tlM'se milder cases 
chronic infections and carrier states are not eliminated. 

Infection by Endameba histolytica presents an important problem not 
so much because a high incidcmcc of acute dysentery is to l)c anticipated 
as because of the hazard of the late and dangerous complications. This 
protozoan parasite has a wide if not a universal distribution, despite the 
belief, long-held, that amebiasis is strictly a tropical disease. It is well 
established now that the limiting factors in the epidemiology, of this 
infection are sanitation and hygiene — not climate. \ further miscon- 
ception lies in the older nomenclature. The term “amebic dysentery,^* 
still present in many medical texts emphasizes unduly a relatively un- 
common clinical type. In fact, the infection is far more usual than such 
a descriptive term would seem to indicate. However, on the basis of 
past experience it would appear unlikely that much more than 10 per 
cent of the total cases of dysentery in this wai will be attributable to 
Endameba histolytica. 

This parasite produces ulceration of the colon, esp(*cially the cecum 
and proximal portion, which in many instances is of mild degree, and un- 
accompanied by symptoms of note. In tithers, the infc*ction Ixjcomes 
progressive, the ulcers extend, l>ecoming confluent and i>enetrating into 
the deeper layers, producing not only th<' clinical picture of acute dysen- 
tery, but at times exsanguinating hemorrhage, peroration, ^d death 
from peritonitis. In other instances the trophozoites penetrate into 
radicles of the portal vein, art* carried by the Iflood stieam to the liver 
where they initiate again progressive tis.su(» necrosis and produce those 
very serious complications, amebic hepatitis or abscess of the liver. 
livtT abscess is said to occur in one of every eight cases of amebic 
dysentery. Prior to the formulation of modem treatment, this condi- 
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carried a mortality of 40 to 60 per cent, a rate which is still prevalent 
if the often difficult diagnosis is not made, or if improper therapy is used. 

Amebiasis may persist unrecognised for many years producing a varied 
and varying symptomatology, often quite mild, but ultimately going on 
to serious hepatic involvement. The writer has seen an instance in 
which it appeared that the infection remained quiescent for 19 years. 
At the end of that period, however, a nearly fatal liver abscess occurred. 

With emetine, the oxyquinoline drugs, and the organic arsenical 
carbarsone we have the armamentarium necessary for clinical cure, and 
equally important, eradication of the infection. This statement is valid, 
however, only if these drugs are used in full realization of the limitations 
of each and the basic pathology of the disease. Most of the problems and 
the dangerous situations result either from incorrect or too-long-delayed 
diagnosis, or inefficient utilization of the available drugs. 

The amebae are situated on the surface of the mucous membrane of the 
colon and within the tissues as well. In the latter situation they are 
rapidly destroyed by emetine which is distributed by the blood stream. 
This drug does not destroy those on the surface. This fact accounts for 
Colonel Craig’s observation that 85 per cent of cases treated by emetine 
alone relapse. The oxyquinoline group on the other hand, while lethal 
to amebae in the intestinal contents and on the surface of the mucosa, 
are not absorbed in sufficient concentration to exert an amebicidal action 
on those in the depths of the tissues. Carbarsone is intermediate in its 
pharmacological action. It follows logically that simultaneous com- 
bined treatment should give the best results and this is the fact in actual 
practice. 

Frequently, however, diagnosis is difficult even of liver abscess. Not 
infrequently this complication develops ^ ^silently” and because of weight 
loss, low fever, secondary changes in the right lung, and cough, it is mis- 
diagnosed as tuberculods. In other instances it may masquerade con- 
vincingly as chronic malaria, or even kala azar. 

By far the most important of the protozoal diseases, however, is 
malaria. The average practitioner in the temperate zone has no con- 
ception of the hazards of tropical malaria. The disease as it is seen in 
the cooler latitudes is produced by Plasmodium vivax which, although it 
may produce severe illness and marked anemia and disability, is not at- 
tended by the grave progno^ and often fatal complications of the 
tropical form. In part this difference is probably attributable to the 
fact that P. vivax attacks the immature red cells or reticulocytes and not 
the mature ^erythrocytes. Plasmodium falciparumf the cause of the 
troincal mal^, on the other hand attacks all forms of the red blood 
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cells and unless checked rapidly produces an overwhelming parasitemia 
never encountered in the other forms of malaria. Furthermore P. 
falciparum seems to produce changes in the physical characteristics of the 
infected cells. The cell membranes become ^^sticky*^ and the parasitised 
cells tend to adhere to capillary endothelium, and to each other produc- 
ing both emboli and thrombi particularly in the brain and the viscera, 
and leading to ischemia and anoxemia. 

Falciparum malaria is the predominant form throughout the tropics 
and in many areas in the subtropics. The rapidity of progression and the 
variability and severity of the clinical picture are to be attributed in part 
to the rapid blood destruction incidental to the high parasitemia, and in 
large part to the plugging of visceral capillaries. In the face of such a 
mechanism it is not surprising that the clinical picture is often confusing. 
The frequency with which certain structures an^ affected has given rise 
to a rough classification of the clinical types of diseases Cerebral localiza- 
tion, which is common, may give rise to fh(‘ lapidly fatal hyperpyrexial 
form with death occurring within a vc*ry few hours, the delirious and 
comatose type, and other symptom complexes indicative* of profound 
disturbance of the central nervous system. Predominant localization 
in the gastrointestinal tract may produce* the bilious-remittent or 
gastric types characterized by profuse and continuous vomiting,^ or the 
frequently fatal afebrile algid type which is nccompani •! by diarrhoea so 
severe as to resemble cholera. In other instances the symptom complex 
may present many of the features of acute bacillaiy dysentery with ab- 
dominal pain, fi-equent stools containing mucus ami blood in which 
numerous parasitized (*ry(hrocytes may In* demons! rated. Not infre- 
quently falciparum malaria may closely mimic acute ap|x*miicitis. 

The hazard of this infection is still fuithei augnumtiMl by its assiMMa- 
tion with hemoglobin uric fever oi blackwat^*! fevei . Although the <*xact 
etiology is unknown, intermittent quinine therap\, exposuie, chilling, 
and exhaustion are genemlly regardeil as precipitating c*au.s<»H. Tlie 
writer has seen a fatal instance occur within t wo houis of the administra- 
tion of oil of chenopodium for the elimination of a moderate load of 
Necator. 

Blackwater fever usually occurs in individuals who havi'-a latent 
malaria of some standing. (Characteristically th<‘ imtwd is licuh* with 
chill, sharp rise in temi>erature, and profu.sc* vomiting accomjianying 
sudden massive intravascular hemolysis. This plicnomenon is followed 
shortly by the passage* of dark-colored oi even black urine due tn ihc 
presence of hemoglobin and its derivatives, and deepening jaundice. 
The acute blood destruction produces a rapidly developing and grave 
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anemia. In severe cases the r6d cell count may fall to two million per 
cubic millimeter or even lower within 24 hours. The urine is acid, and in 
addition to the blood pigments, contains large amounts of albmnin and 
casts. In the progressive case, especially if the urine is not rendered al- 
kaline, mechanical plugging of the renal tubules occurs leading to anuria, 
nitrogen retention, and death from renal failure. In other fatal in- 
stances, hemolysis ceases, the urine clears, and convalescence may seem 
establifibed for some days only to l)e terminated by abrupt recurrence of 
hemolysis eventuating in death. 

Augmenting the hazard of falciparum malaria, especially in the face of 
its complications, is the not uncommon difficulty in arriving at an accu- 
rate diagnosis. The clinical picture frequently bears no remote resem- 
blance to the classic malaria of the text books. The so-called character- 
istic tertian fever is seldom present. Unlike Plasmodium vivax infec- 
tion, in severe cases the Plasmodium falciparum may be demonstrable 
only in thick blood films and may be missed entirely if only thin films are 
used. This pitfall constitutes a paradox seldom if ever appreciated by 
physicians who have not had special training and experience. It is 
probably related to the sporulation in the capillaries of the viscera rather 
than in the peripheral blood. Some degree of involvement of the central 
nervous System is frequent, and the appearance of drunkenness is a 
very common mode of onset of cerebral malaria. The practice of Sir 
Patrick Manson, carried on at the Seamens Hospital in London, is worth 
serious consideration by all who may come into contact with clinical 
malaria — in the pre.sence of intoxication treat for malaria first and then 
for alcoholism. 

Quinine has for long been regarded as the only truly effective agent in 
the therapy of malaria. This widespread conviction has given rise to 
much unwarranted concern about the effects of the shortage resulting 
from the war. Fortunately we have a satisfactory substitute in atabrine. 
In fact some authorities regard it as a more efficient antimalarial dnig. 
It is a yellow dye which is excreted slowly by the kidneys. It stains the 
tissues yellow producing a spurious “jaundice.'' Like quinine it may be 
administered by mouth or parenterally. When taken by mouth it 
should be given immediately after meals or accompanied by a sweetened 
drink as some individuals have symptoms of irritation of the gastro- 
intestinal tract when it is taken on an empty stomach. This drug has 
had very extensive trial over a number of years and it is well established 
that it is an effective prophylactic and suppressive agent as well. In 
some respects^ it is piWerable to quinine for this purpose for military 
personnel. A third standard antimalarial drug is plasmoquine. How- 
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ever, it is effective only against the gametocytes or sexual forms of the 
parasites and consequently is not of value in the treatment of the acute 
disease. Administration following quinine and atabrine therapy seems 
to lower the incidence of late recurrences. 

Of the other protozoan parasites of man the Leishrnania are the most 
important. Visceral leishmaniasis is endemic in many of the areas of 
military operations. Kala azar occurs in the Mediterranean basin, the 
Sudan, the Near East, India, and China. The cutaneous leishmaniases 
have a very similar distribution. 

It is impossible to estimate how much of a problem these conditions 
may present as the epidemiology is not entirely clear. They are co- 
extensive with certain sandflies of the genus Phleboiomus and there is 
evidence to indicate that at least three members of the group, P. argen- 
tij)€s, P. papatasiiy and P. chtnensis may transmit the infection under 
experimental conditions. 

The Letshmanta localize in the cells of the retirulo-ondothelial system, 
multiplying in them and greatly distending and distorting them. The 
visceral forms of the disease are characterized by prolonged irregular 
fever, chronicity, splenic and often hf'patic enlarg(‘m(*nt, emaciation, 
anemia and leukopenia. In the cutaneous form the infection is usually 
localized especially to exposed skin areas where nodules and ulceration 
result. These lesions are seldom accompanied by in ‘dvement of the 
viscera. Dermal leishmaniasis may also occur as a complication or sequel 
of kala azar especially in inadequately treated cases. Various prepara- 
tions of antimony, notably certain pentavalent compounds, have l)een 
used successfully in the therapy of these conditions. 

It is unlikely that metazoan parasites will present to the armed forces 
problems approaching those of the Protozoa. Diseast's produced by 
these agents tend to be less acute, slower of development, more chronu*, 
and in many instances a considerable period of time is required l)etween 
infection and the development of a severe pathologic response. There 
are of course important exceptions to this. The geographical distribu- 
tion of certain of the important helminths is quite restricted in some 
instances. In others the particular epidemiology is such as to present 
no great obstacle to the institution of adequate protective measures. 
Certain ones, however, have wide geographical distributions and utilize 
insect vectors which make protection difficult and at times irhpossible. 

Although hookworm infestation will undoubtedly occur, it is improb- 
able that it will be accompanied by hookworm disease. The clothing and 
shoes worn by troops and the strictly local soil contamination will mm- 
imize both the number and the intensity of exposures. It is a somewhat 
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different matter with Aseans'lumMcoidea once it does not pass through^ 
a free-living phase in its life cycle and once its epidemiology is essentially 
that of amebic and bacillary dysentery—transmission by fecal-contam- 
inated food and water, and by flies. One would not anticipate, however, 
a significant morbidity rate. 

With the Filaroidea the situation is quite otherwise. In certain areas, 
unless there is rigid water discipline, infestation by the Guinea worm, 
Dracuncidua medinenats, will occur. Some months following ingestion of 
water containing infected Cydopa the adult female worm reaches the skin 
surface usually on the lower extremities producing a local inflammatory 
reaction and at times an accompanying toxemia. Finally a blister forms, - 
ruptures, and reveals the opening of the burrow in which the anterior 
portion of the worm lies and through which living larvae are discharged 
in response to the stimulus of contact with water. Secondary bacterial 
infection is a serious hazard, but even in the absence of infection con- 
siderable disability is produced. 

Another member of this group, Onchocerca volvvluay is widely dis- 
tributed through equatorial Africa and is transmitted by at least five 
species of flies belonging to the genus Simulium, It produces subcutane- 
ous fibrous tumors which contain the adult worms, and at times visual 
disturbances progressing to blindness. The geographical distribution, 
which is outside the present and probable future zones of combat, makes 
it unlikely that this parasite will prove to be of importance in war 
medicine. 

Wnchereria bancroftif however, will almost certainly be of some im- 
portance in the Pacific campaign. It is widely prevalent throughout the 
entire tropical zone and many of the islands of the southwest Pacific are 
heavily infested. A large number of mosquitoes including certain 
Asdes— -among them Aedea aegypti, AtJopWes, Cw/cx, and Manaonia — 
transmit the infection in these areas. This parasite, by causing a pro- 
gressive sclerosing and fibrosing lymphadenitis and lymphangitis of the 
regional lymphatics which are in anatomical relationship to the site of 
the adult worms, produces endemic or tropical elephantiasis of the legs, 
the scrotum, less often the upper extremities and the bieast, orchitis, 
hydrocele, and chyluna or milky urine by obstruction of the thoracic 
duct and secondary rupture of ttie lymphatic vessels in the wall of the 
bladder. Filarial fever and acute lymphangitis are not unconunon. 
Unfortunately there is no specific therapy. 

The trematodes SchiaUmma tnanaoni, Schiatoaoma hemcUobiim, and 
Schiaioaoima jftponicum are important disease-producing agents and are 
distributed m certain of the theaters of operations. 8, tnanami is en- 
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denuc in the Nile valley, much of central Africa, parts of South America 
especially the northern coast, and certain of the West Indies islands in- 
cluding Puerto Rico. Transmission depends upon exposure of the skin 
to water containing the infective cerceriae and consequently effective 
water discipline including avoidance of wading and bathing in untreated 
water confers complete protection. However, this may not be prac- 
ticable at all times. Six to eight weeks after infection the worms have 
reached maturity in the radicles of the portal system and oviposition 
takes place in the finer venules leading to ulceration into the lumen of the 
colon, producing dysentery. Ova likewise accumulate in the liver in 
heavy infections produemg a periportal type of cirrhosis with secondary 
splenomegaly and ascites. 

S, hematobium has a wide distnbution in Africa and also occurs in 
areas in the Near East and in western Asia. The adults of this species 
invade the pelvic veins, especially the vesiculo-prostatic, the pubic, and 
the uterine plexuses. Ova are deposited in the mucosa of the bladder 
where they produce ulceration, cystitis, papillomata, and a variety of 
disturbances of the genito-urinary system, and at times involvement of 
the rectum as well. 

/S. japontcum is confined 1o the Far East. Infection by this parasite 
is characterized by chronic dysentery, great enlargement of, the liver 
and spleen, and finally cirrhosis of the liver and ascites. The intra- 
venous administration of tartar emetic has proved oi great value in the 
treatment of all forms of schistosomiasis. The trivalent antimony com- 
pound Fouadin is less toxic and perhaps even moie effective. 

Even such a cursory consideration of the tropical and parasitic con- 
ditions to which military and naval personnel will be exposed demon- 
strates the magnitude of the problems confronting the medical services. 
The experience of the Allied Armies m Macedonia, GalhpoL, and Africa 
in the last war shows conclusively how vitally and sometimes tragically 
these conditions may affect the outcome of a campaign. It is likewise 
apparent that the distribution of these infections, and factors such as the 
season of the year which nay affect natural transmission rates must, 
whenever piossible, weigh heavily in the decisions of staffs planning cam- 
paigns and the major strategy of the war. It is likewise evident how 
great is the need in troop units and hospital installations for medical 
officers trained in tropical medicine and medical pa^asitolog 3 ^ Fortu- 
nately thia problem was visualized by the medical departments of the 
Army and Navy long before our entry into the war. At the request ol 
the Surgeons General the National Research Council set up, among 
others, a subcommittee on Tropical Diseases which has been acting 
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continuously in a consultative capacity. In the summer of 1940 a 
special course in Tropical Medicine was established at the Army Medical 
&hool with an instruction staff including many distinguished scientists 
and physicians At the present time it is graduating some two hundred 
medical officers every eight weeks. In this way the Army and the Navy 
are compensating for the failure of our educational institutions to recog- 
nize earlier the importance of tropical and parasitic medicine. 

We can face the medical hazards of the war with no inconsiderable as- 
surance. Although morbidity rates may prove to be higher than in a 
conffict limited to the temperate zone, we can be assured that we shall 
not be immobilized and rendered impotent as occurred to armies in the 
last war. 

The implications of tropical and parasitic medicine, however, extend 
beyond the duration of the war and intimately concern the population 
of the United States. It is inevitable that numerous carriers and indi- 
viduals with latent infections will be scattered over the country following 
demobilization. Certain of these conditions will be transmissible and 
will subsequently appear in persons who have not Ix'en out of the country. 
Furthermore, the clinical picture attending the combination of familiar 
endemic disease such as pneumonia with one of these less familiar para- 
sitic infections may l)e most bizarre and atypical. Each obscures the 
characteristic features of the other. Contrary to the classic dictum of 
medical teaching against multiplicity of diagnoses, it must be recognized 
a pnori that such multiplicity will occur and must be promptly recog- 
nized. There is urgent need for the inclusion of much more parasitology 
and tropical medicine in the curricula of our medical schools. 

DISCUSSION OF TH£ PAPER 

Dr. W. Oliver (Long I aland College of Medtdne, Brooklyn, N. Y): 

Parker recently show^ that ticks could be used as a medium for brinwg in 
fevers for which the species is not normally a host. If experimentally infected, these 
ticks remam infected for 33-46 days. 

Dr. O, C, Shattuok (Harvard Medical School, Cambridge, Maas.): 

Renstimoe is a factor of great importance in these diseases. You can not cure 
malaria by dru^ alone. Drugs plus the bodily developed resistance is needed. 
Anything that will improve the j^eneral condition of the patient is a help m recovery. 

In treatment of elephantiasia caused by iilana. some good was obtained by 
yacomation. There was no effect on the parasite, but the treatment strengthened 
the resktance of the patirat 

We do not know the limits of distribution but we do know that the limits are 
qveading. 

Dr. IMm Woody (Standard OH Company of New Jeraey, New York, N, K.): 

In tfopical oonpieroial projects research has been laid aside temporarily. You 
^ ^ business inediesl findings which save man hours by preventing 
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Dr. H. E. Meleney {New York Univernty Medical School, New York, N, Y,): 

In helping to outline a new course in parasitology for medical schools I behove 
that princimes of biology could well be taught from a study of parasites and their 
vectors rather than the more conventional entomology. 

Planes may bring in persons with incipient autumnal malaria which is still in 
the incubation period and therefore undetected. The affected person may go into 
coma suddenly. Many New York doctors will fail to diagnose this disease, thus 
depriving the patient of prompt treatment - so essential for success. 

Dr. R. Mathason {Cornell University, Ithaca, N. F.): 

Medical schools should insist on entomology and parasitology as part of the 
entrance requirement. If they di<i so, colleges would be glad to intnrauce these 
subjects. 
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INTRODUCTION TO THE CONFERENCE ON 
HIGH POLYMERS 

By Raymond M. Fuohh 

From Research Laboratory of Oeneral Electric Company, Schenectady, Sew York 

Although the field of high polyiucitj i« a comparutivt'ly now sul)j(‘ct, 
the technical importance of these compounds has led to a very rapid 
development of empirical knowledge eonceming them. Fundamental 
work, from the academic point of view, has also made consid(»ral)l(’ 
progress. Roughly speaking, the polymer chemist in the technical field 
is contented when he has a resin or plastic which |)erforms satisfactorily 
under a given wt of conditions and which can 1 h' rnatk^ at a reiusonahh* 
price. The academic workei, on the othei* hand, is not particularly 
interested in the industrial applications of the compounds he is studying, 
hut for his part, he is not happy until he knows (or at least, thinks he 
knows) why they l)ehav(* as they do, and why a given collection of atoms 
has a given reproducible set of projierties. I'his co(*xist(»nc(* of two kinds 
(»f knowledge, acquired as the result of entirely different mental urg(‘s, 
has turned out to be very valuable in the field of polymer chemistry, in 
that there has l)een a mutual stimulation of applic'd ^^nd fundamental 
I’esearch. Problems have arisen in« practical work wliicli have M to 
purely academic studies. In compensation, suggestions based on 8(*em- 
ingly abstract topics have found application in technology. 

This conference was planned in order to present a review of the current 
status of our knowledge of polymeis of high molecular weight, and to 
report recent work on a numl)er of imiKutant problems within the field, 
A further pur|X)se of the confenmee was to provide an oj)poii unity foi 
open discussion among a group, all of whom are activ(‘ly working on oik' 
or another phase of polymers. Thv final (expanded) drafts of th(‘ 
papers will be submitted after the me(*ting, so that contiibuiions made* 
during discussion can also be included in publication. For this reason, 
some of the preprints are tentative or nu'rely introductory in form and 
intention. 

The first question to Ixj considered logically* con(‘(‘rns the* formation of 
macromolecules. The mechanism of reaction, in the stages of cliaiti 
initiation, propagation and termination; the role of catalysts and the 
mechanism of their part in starting polymerization; the correlation U* 
tween monomer structures and their susceptibility to polymerization 
catalysts; the structure of the final product, and the distribution of 

m 
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molecular weights; the kinetics of the various stages of the pol3rmerisa- 
tion reactions; all these detailed problems are involved. A number of 
points of attack are possible; a combination of the methods of the 
physical and organic chemist, together with help in interpretation from 
the theoretical side, gives the most effective results. The present 
prog;ram was organized with the intention of combining these different 
points of view so that, for example, reaction mechanism will be discussed 
from both the experimental and theoretical aspects, evidence concerning 
structure as obtained by the methods of organic chemistry and by X-ray 
technique will be presented, and so on, in the hope that a final clearer 
picture will emerge than could have been obtained from one perspective 
alone. 

Our opening paper deals with the general theory of polyreactions. 
Other papers on the program will treat special problems in the fields of 
kinetics and structure, and correlations between structure and proper- 
ties. Since, in last analysis, the technical importance of high polymers 
is largely due to their unique mechanical properties, two papers present- 
ing experimental and theoretical treatments of flow properties are in- 
cluded. As in the classical field of low molecular weight compounds, the 
colligative properties of high polymers give information concerning their 
molecular weight and also on forces between molecules. As might be 
expected, the classical theory requires special adaptation to the field of 
high polymers in order that a reliable interpretation of experimental 
results may be made. The limiting law for osmotic pressure and the 
deviations as functions of concentration are the subject of our final paper. 



RECENT RESULTS ON THE KINETICS AND 
ELEMENTARY STEPS OF 
POLYREACTIONS 


By 

J. Aberk, G. Goldpinger, H. Mark, and H. NAiDi'h 
From Brooklyn Polytechmc Inaltlule and Queens College, New York, N, 1 ' 


INTRODUCTION 

If one wants to follow quantitatively the course of a polymerization 
or polycondensation reaction, one hah first of all to carry out certain 
measurements. Usually the following quantities are recorded. 

(a) The total amount of mononut which ha.s been converted into polymer 
{dimer and higher) as a functwn of lime, natute of catalyst and sol- 
ventf monomer concentiation and tern peratwe. This corresponds tiO 
the weight of polymer (of all degrees of polymerization) formed at 
any instant. Particularly important ls the initiol rate with which 
the polymer is produced (the monomer disappears), liecause, in 
the early stages of the reaction, the conditionf are usually not yet 
too complicated and can, with some success, l>e expressiKl l>y ap- 
propriate rate equations. Theie are many exiM'umental methods 
available to determine the latc* of polymer formation in each indi- 
vidual case,^ ^ ® but it would lead us too far afield \u enumerate 
them in this article. 


(b) The number or weight average degree of polymerization of the polymer 
produced os a function of time and of the other experimental param- 
eters mentioned above, such as amount and nature of solvv it, conctn* 
tration and character of catalyst or inhibitor, temperature, etc. It is 
well known that a reliable determination of these quantities at 
present still meets with considerable uncertainties and difficul- 
ties,^-* but it seems that osmotic pressure measurements in very 
dilute solution provide a comparatively safe way to secure the 
number average for the degree of polymerization, if the membrane 
is such that it does not let too much of •the lower molecular weight 


>BlUrk,m.B.»ThompMII,B.B.,W«ith, a.l.r* WUUmiu,!. PolymeriMlion 

N«w York. l»87, «... v i. 

* Oftoiiun, W. m. "CollwjUd Poper*.” InUrrcionc* Pubhthwi. Now York. 1#*0. 
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material pass through. The weight average can be determined 
in principle by diffusion and ultraoentrifuge, the viscosity 
average by viscosity measurements. But the first method often 
offers experimental difficulties, while the others allow at best only 
a rough determination of the order of magnitude of the degree 
of polymerization. 


Jn simple cases, measurements of the type (a) and (b) are sometimes 
sufficient U) work out a rather detailed picture of how the polymer mole- 
cules are formed by interaction of the monomer with itself and with inter- 
mediate stages of the final product. Under more complicated conditions, 
however, they are not sufficient. In such cases it is very advantageous 
to carry out additional studies in order to obtain the necessary informa- 
tion for a proper description of the reaction mechanism. Such additional 
experiments are the following. 

(c) DcUrminatton of the molecular size disiribuiion curve for the polymer 
al different times and under different experimental conditions^ such 
as temperature, the use of a certain type of catalyst, etc. No thor- 
ough investigation of this kind has yet been published, although 
some of P. J. Flory’s,*^'* R. Simha’s and G. V. Schulzes papers^^^* 
contain very interesting steps in this direction. More recently 
T. Alfrey and A. Bartovics * have started systematic distribu- 
tion curve measurements on samples of polystyrene which had 
been prepared under different conditions, and J. Abere, G. Gold- 
finger and H. Naidus*® correlated these studies with kinetic 
measurements of catalyzed styrene polymerization under rather 
widely varied conditions. 

(d) Chemical analysis of the polymer at different stages of its formation, 
mostly to find out whether fragments of an inhibitor, a catalyst, or the 
solvent have been incorporated in the long-chain molecule of the 
polymer. Carothers ** and Staudinger have been interested 


»Fionr, F. J. 
**Fl«ry, F. 3 . 
“Florji F. J. 
‘•Flory. F. J. 


Jour. Am. Chem. Sue. ft: 1B77. 198f. 

Jour, Am. Chem. Soc. if: 841. 1887. 

Jour. Am. Chem. Soc. 81: 1818. 8884. 1080. 

Jour. Am. Chem. Soc. ft: 1067. 1661. 8886. 8861. 1040. 

Jour. Am. Chem. Soc. tt: 8088. 8001. 8006. 1841. 

, — ; a Slmho, E. pBper preaented at the Buffalo meeting of the American Chemical 
Society in Seutemher, 1048. Jour. Am. Chem. Soc. ft: 706. 716. 1048. 

<«B6bttU,Q.V. Zelt. phyiikal. Chem. Bif: 800. 1086; B«l: 87. 1086. 

MSobuls, O.V.,aaUi6m6«m.B. Zeit. phyukal. Chem. B84: 187. 1086; Btf: 184. 1087. Btf: 
846. 1088. 

*l*ohuU. Q. V.. DiacUiiftr. A.. A gwwinonn, B. Zeit. phyaikal. Chem. BU: 86. 47. 886. 1080; 
Bit: tot. 1041. 

<« BchuU. O. V.. A WlUlf, O. Naturwiu. IT: 887. 466. 660. 1080. 

**Aifrty, T. Ph. 1). 1 hem. Polytechnic Institute of Brooklyn. 1048. 

Abifi, Ctoldflsfonr O.. Bt^us. B.« A Mirk. B. Paper presented at the Buffalo meeting 
of the A African Cbenucal Society in September, 1048. 

W. B. Chem. Uev. t: 408. 1081; Trans. Faraday Soc. M: 44. 1086. 

T, B.. A Bohttte, O. V. Ber.M:8880. 1086. 

B.. A BOtiahofor, B. AnA.UT:86. 1086. 
or.B. Trans. Faraday Soc. SB: ft. 1086. 
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in such kind of analysis, although they did not utilize their hndings 
for kinetic considerations. More i-ecently J. Al)ere,®® S. Abkin , 

H. N. Alyea,*^ J. 1.. Holland, « J. W. Breitenbach,*»-^i R. K. 
Burk,**'** A. Dinglinger,!^ D. A. Durham,*^ J. J. Gartland,*^ 
G. Goldfinger,*® H. R. Graham,*^ E. Husemann,^® Lankelma,** 
S. Medvedev,**' **• ** H. Naidus,*® H. Pfann,*^ C. C. Price,*^' 

G. V. Schulz,^*' and G. Whitby have analyzed polyni^'rs of 
comparatively low molecular weight and succeeded in locating, on 
one or both ends, parts of catalyst or solvent moh'culcs and have 
drawn fairly far-reaching conclusions as to the course of th(* 
reaction. Quito recently such experiments have been extentled 
into the domain of higher degrees of polymerization by the U8i‘ of 
radioactive isotopes (bromine) by H. Pfann and G. D. Salley.*^ 
Physical methods (Raman and infra-red sp^cti*oscoj)y) hav(‘ 
also b(H‘n applied to the investigation of the t*nd groups and to 
determine the progress of polymerization with time. K. Briru'r,** 

I. Inoue,^** S. Mizushima,^*® D. Monni(‘r,^* I. Morino and B. 
Suez have succeeded in following the disappc'arance of the ali- 
phatic double bond during styrene polym(*rization using th(» in- 
tensity changes of certain Raman lines. Finally, C. S. Marvel 
and his collaborators^^"** have use<l optical activity with great 
succ(‘ss in follow’ing the course of vinyl-type c( polymerizations. 

(e) Very important iilformation as to the different steps of a polymeri- 
zation reaction can be obtained if one succeeds in counting the 
number of active centers which start the propagation of the chains. 


** Abkin, S., A MedTedey, 8. Tram. Faraday Soc. 81: *80. 1890 

^Mamontora, O., Abkin. 8 ., A Madyedey, 8 . Aita phymoi him. LSSK 11: «fl». 1040 

» Alyaa, H. Qartland. J. J.. A Graham. H. B. Ind. Kni$ C'hem 84: 198. 194*. 

*• Bolland, J. L. Proc. Uoy. Soc. AlTt: 24. 1041. 

» Broitanbaeh. J. W., A Ball, B. MonaUh. 89: 1107. 1980 
*0 Braitanbaoh, J. W., A Budorfar, H. {donaUh. 70: 87. 1937. 

*i Braitanbacb, J. W. Monatab. 71: *75. 1998. Zrit pbyaikul. Chem. B48: 101. loao. 

**Burk, B. B., Baldwin, B. Q., A Wbitacra, O. H. ln<f. Enif. ( hem. 19. .h*o. 19»7. 

wBurk, B. B., Laakowaki, L., A Lankalma, H P. Jour. Am ( hem. Sot. 98: 8*48. 1941. 

« Frica, C. 0^. A Durham, D. A. Jour. Am. Chem. Soc. 94: *508 104* 
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'rhis haH bet»n done by H. W. Melville and collaborators,"* " 
J. L. Holland,®^ T. T. Jones and R. F. Tucketi ” in a very inter- 
esting series of recent articles. Similar insight in the mechanism 
can be obtained if it is possible to localize geometrically the initia- 
tion reaction and to observe the gradual growth of the polymer 
from these starting points or starting areas. J. Abere,*® S. 
Abkin,*®* J. L. Holland,** C. B. Davies,** G. Gee,**- *» G. Gold- 
finger,*® W. Jorde,*® S. Medvedev,**- " H. W. Melville *^ and H. 
Naidus*® have performed experiments of this kind which have 
greatly helped to advance our knowledge of the different ele- 
mentary processes involved. Particularly, the studies of local-, 
ized polymerization in the gaseous phase promise to be of value 
for a better understanding of the chemical nature of these ele- 
mentary steps. 


These an* the main methods which hav(* been, and are being, applied 
to provide a sound experimental basis for theoretical considerations and 
speculations as to the chemical nature of the individual steps of poly- 
condensation and polymerization reactions, and as to how these ele- 
mentaiy processes cooperate in building up the large molecules of the 
polymer. 

The first step in the evaluation of the experimental data is mostly 
concerned with determining the nature of what one usually calls the 
formal kinetics of the composite reaction in question. We look for a 
set of e(]uation8 to describe how the elementary reaction steps take 
place simultaneously or consecutively, how they consume the monomer, 
how they produce certain intermediate (frequently short lived) configu- 
rations and finally build up the stable end product with all its character- 
istic properties. 

Different attitudes can be taken in attempting to work out this formal 
kinetics of polyreactions. One method, which has been applied with 
great success by various authors,**- **• *•- **• •*”" consists in making cer- 
tain probable assumptions as to the elementary processes involved, and 
then writing down differential rate equations which represent these col- 
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laborating steps. Integration of those equations leads then to expres- 
sions which can be compared directly with the experiments. If this 
check is satisfactory, it shows that the underlying assumptions are 
capable of giving a correct representation of the special polyreaction 
under consideration. This method has the advantage of being simple 
and flexible and of usually involving only moderately complicated 
mathematical considerations; it has the drawback that one has to make 
separate assumptions in each single ease, which involves a certain risk, 
inasmuch as the final result depends on the particular choice of these 
assumptions. 

The other method aims to develop once and for all sets of general 
differential equations for the main types of polyreactions, such as poly- 
condensations, polymerizations, polydegradations or polyexchange in- 
actions. These sets are integrated and every individual reaction can 
then be treated as a special case of one of the general types.®"*^ 

As long as only a few polyreactions were known, it did not seem worth 
while to develop a comparatively elaborate theoretical framework, but, 
at present, when one knows a large number of such reactions and wants 
to have a reliable platform to compare them in all details, it seems that 
this more systematic and general approach should be recommended. It 
has been pointed out that the algebraic expressions which one obtains 
as a result of the integration of the general sets of diff rential eejuations 
are somewhat clumsy and unwieldy It is true that they appear so in 
their general form, but as soon as one applies them to a special case 
they become rather simple and actually coincide with the expressions 
which have been developed separately in each individual case. 

The development of a formal reaction kinetics, however, is only a 
preliminary and necessary step in the theoretical evaluation of experi- 
mental results, but not the final goal, which is, rather, a thorough under- 
standing of the chemical nature of each single ekmentary step involved. 
To arrive at this, it seems advantageous to use all the results of the 
formal kinetics and to assign to each individual reaction (initiation, 
propagation, termination, chain transfer, etc.) a certain order of reac- 
tion, a definite frequency constant and a characteristic activation energy. 
If one succeeds in this way to describe quantitatively the various ele- 
mentary steps, one has a fair chance to narrow down very materially the 
speculations as to their chemical nature. 


m,w.s. C»II. Jour. Ret. 7: us. IDS*. Jour. A*. Chem. 8oc. Sit. 1DS4. 
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It will be seen in the following that in some comparatively simple cases 
this has been achieved with good success, while in others we are still 
far from a satisfactory understanding of all influences which contribute 
to the formation of the final product. 

Aft<»r this general introduction, it seems appropriate to proceed now 
to the description of the various types of polyreactions and it appears 
logical to start with the simplest case, namely, with reactions in which 
only one single type of elementary step is involved. 

POLYREACTIONS CONSISTING OP A SINGLE 
ELEMENTARY STEP 

This elementary step repeats itself during the course of the reaction 
again and again under practically identical conditions and with very 
much the same rate. It a(*t8 between monomers as w('ll as between 
chains which have already a certain length, without being sensibly af- 
f(*cted by the chain length of the molecule to which the interacting groups 
Ix'long. This type* of reaction can be represent'd by 

w* + mj— 

where both t iind j can assume any value from unity to very large 
values. W. H. ('halmers,**^ H. Dostal,*® P. J. Flory * and R. Raff® 
have developed c*(iuations which take eare of such raultistep reactions, 
and Flory has investigated particularly whether the assumption of 
a homogeneous process having one single characteristic rate constant is 
in agm*ment with experiment. He found that polyesterifications follow 
this scheme and it is probable that most linear polycondensation products, 
such as polyesters, polyethers, polyamides, etc., are formed by processes 
of this type. In some cases, however, R. H. Kienle, P. A. van der Meulen 
and E. F. Petke apparently have encountered more difficult conditions. 

To describe the system under consideration before the reaction starts, 
we considei* the polyesterification of an whydroxycarlwxylic acid and 
introduce the following symbols: 

Total number of mols of the monomer No 

Weight of one mol of the monomer in grams Mo 
Total weight of the system in grams' M = No- Mo 

AfU»r the reaction has proceeded for a certain time, t, a certain number 
of the Oil groups and an equal number of the COOH groups will have 
reacted and a certain number of chains of various lengths will have been 
formed. To characterize our system we need now the following symbols : 

^ MtttlMi, P. A., a P«tk«, I. r. Jour. Am. Chem. Soc. tl: 9M8. 
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Number of reactive or functional groups which 
have not yet reacted and are therefore still 
present 

Number of functional groups which have re- 
acted and therefore have disappeared 

Extent of reaction 

Number of members of an individual chain 
molecule 

Number of x-mers in the 8yst(»m 
Number fraction of x-mers 


N = .Vo(l - p) 


No - N = Nop 
No - N 


P = 


\o 


J* 


N, 

N. 



Weight of material comprised in x-mers , = Nr x t 

Weight fraction of material comprised in 
.r-mers d/, = x 

Reaction constant for all steps A 

With this notation the differential e^quations of th(' polycondensation re- 
action assume the following form : 


dmi 

dt 



(1) 


This equation describes the disappearance of the monomer mi, due to 
its reaction with itself and with chains of all possible lengths. The sum- 
mation runs from « = 1 to « = and according to the above asHum|>- 
tions, the same rate constant, kj holds for all teims of this sum. 

dft^x X— l '3U 

= iA; ^ ^ 

dt * * 

This relation accounts for the formation and disappi'arance of the 
x-mer, ?w,. The first term states that x-niers are formed by the* com- 
bination of two smaller molecules, whose indices just add up to x; e.g., 
by one tetramer plus one (x-4)mer. If one carries out this summation, 
however, one counts each molecule, with s smaller than (x — Ij, twice 
and hence has to divide this term by two. ^"he second tc*rm descrilxjs 
the disappearance of the x-mers due to their n'action with any molecule 
from s s= 1 to « = 00 , and is completely analogous to expression (1;. 

The solution of equations (1) and (2) is 


t Mti* M tbc wdlfht If* of Um monooMr minu* 18 (weight of one mol wot«r). 
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kt 

2 + kl 


(3a) 


The total amount of the condensate from the dimer up to the most 
hi^y condensed molecules is given by 




Mkt^ 


^ + kt 
(2 + kty 


(4) 


This quantity has been measured experimentally as a function of time 
for certain polycondensation processes by H. Dostal,®** P. J. Flory • 
and R. Raff.® It agrees fairly well with the requirements of equation 
(4). In particular, by varying the initial concentration of the monomer 
or the monomers, it was confirmed that the second-order character of 
equations (1) and (2) is correct and that the absolute value of k for a 
given concentration and temperature is the same as for a normal esterifi- 
cation. Table 1 contains the activation energies of normal esterifica- 


Tablb 1 


ESTBBinCATlON PbOCESS 


E 


Aliphatic acids in ethanol* 15,000 

Phenylbenzoate in ethanol and water^ 16,500 

Ethylene glycol + phthalio acid* 22,600 

Succinic acid -f- butylene riycoH 15,000 

Polyeetenfication of diethj^ene glycol + adipic acid with 

p-tolueneeulfonic acia as catalyst* 11,150 

Polyesterification of diethylene dycol -h adipic acid with 

no solvent and no catalyst' 13,000 

- oxyundecanoic acid* 11,800 

Cresol + formaldehyde^ 20,000 

Decamethylene dycol + decamethylene adipate with 

p-toluenesulionic acid as catalyst* 12,150 

Normal amidification^ 38,000 


Fah^Ufh. m. A., A Bbubtlwood, 0. V. Jour. Ckea. Soc. T: AM. 193». 
Sitenijr. A. Jour. Am. Ckoa. Soc. 1014. 1086. 

H., A Bovty, A. O. Jour. Aoi. Chon. Soc. 01: SSSe. lOSO 
[oAAa&,E. Mh. Chom. it: IBS. lOSO. 

J. Jour. An. Chen, Sm. 01: ttOl. 1040 
J. Jour. An. Cken. Soc. 01: SSS4. lOSO. 

. M. Troua. Farodoy Soc. 04: 410. lOSS. 

AEaS.m. Mh. Chon. a: 100. 1080. 

•floVf.P./. Jour. An. Chon. Soc. it: 0001. 1040. 
l|. Faaou. Jour. Frunklin luit. tto; iso. 1040. 



tioQS and polyesterifications and shows that they agree fairly well. It 
seems, therefore, that the basic assumption of a universal value of A; is 
supported by comparison of equation (4) with experiments. 

A further check can be made by considering that mm-x Mo is the 
total vieii^t of the material comprii^ in x-mers, and » m« x is the 
corre^MMidihg weight fraction. Its dependence upon x represents the 
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differential weight distribution curve of the polymer. According to 
equation (3) we get 

Jlf. = :r p*“Hl - p)*, (5) 


where p is given as a function of time by equation (3a). 

Flory has carried out fractionations of polyesters and has i^hown that 
the general shape of the weight distribution curve agrees with equation 
(5), showing again that the assumptions used to derive this expression 
are supported by experiment. 

It seems permissible, therefore, to consider each single elementary 
step of a polyesterification as a normal ester formation, disregarding 
whether the reacting group is at the end of a short or a long chain. As 
a consequence, it is to be expected that in a mixture of such polycondensed 
chains, hydrolytic and alcoholytic elementary stops take place which tend 
to reach, under given conditions, a certain polycondensation equilibrium. 
Flory has discussed such equilibria and has shown that they ran be 
verified by experiment. 

Finally, it may be added that the ratio between the weight and number 
average molecular weight is represented by 




showing that as p approaches 1, the weight average iH'Comes twice th(‘ 
number average. 

Another type of polyreaction which can be characteiized by a itmgle 
rate constant is represented by successive addition of a monomer to a func- 
tional group or a radical. If one introduces a certain iiuml)er of active* 
nuclei or functional gi'oups into a system the molecuU*s of which can add 
to such active centers, polymerization takes place* accord! .ig to th(* 
scheme : 

vit -h ni > 

7W2 + w > ms 

m, 4- m ► m,+i. 

mi represents the functional molecule or radical which starts the whole 
process. It can be originally put into the system in a certain constant 
amount, or it can be slowly formed during the reaction. Tlie former is 
the case if one initiates an addition polymerization by a catalyst 4>r by 
ultraviolet light; the latter occurs if a slow nucleus formation cooperates 
with a fast propagation I’eaction. Chalmers,"^ Dostal and Flory " 
have developed formulas which express the result of such a process*. 
Its characteristic distinction from a poly condensation is that only 
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monofner addition takes place, but that interaction of polymer with 
polymer does not occur. It differs from the typical radical chain pro- 
cesses by the fact that there is no termination or cessation involved in it. 

The addition of ethylene oxide to glycols, amines or acids is a typical 
case of such an addition polymerization. The initiating functional group 
can be OH, NHj, NH, SH or COOH, the propagating group is the OH 
group, provided by the addition of the oxide. 

Let Nq be the number of ethylene oxide molecules and N\y iV' 2 , N% 
be the numbers of the species Wi, mj, m* • w,, having zero, one, two, 
three, etc., added ethylene oxide molecules. Then, the disappearance of 
the initiating material, mi, will be given by 


dNi 

nr 


- kNi. 


( 6 ) 


Th<» late constant, includes the ethylene oxide concentration, which 
is HO large that it does not change appreciably during the reaction. 
Cyonsidering Nt, it is apparent that it is produced at the same rate as Ni 
disappears, according to equation (6), and is consumed a(‘cording to the 
rate, — kN^, hence 

dN2 

^ kNi- kNi (7) 

dt 

and 

dNx 

— = kNs^i - kN^. ( 8 ) 


The solution of this set of equations is 

Nx 

¥0 ^ ix ~ 

when' i' iH defined by 

dv =» kdt. 


(9) 


The distribution (9) is conHidi»rabl> sharpei than th(‘ one for poly- 
(condensation products. It has been discussed particularly by Dostal 
and h1ory,“~'* but there are no experiments available as yet to check 
whether or not it is correct. 

The ratio of the weight and numlx*r average molecular weight is 
given by 

Mx, V 

1 + Tr-r~r. (lO) 




(1 + 1 ')' 


This shows that with increasing k and increasing time, the ratio 
approaches unity, which represents a comparatively homogenc- 



ABERE, OOLDFINOER, MARK, AND NAJDUS POLYREACTIONS 277 


0U8 matenal whose osmotic and viscometnc molecular weights should be 
very close together H Hibheit, R Fordyce and E L Lovell ‘ have 
prepared very homogeneous polyoxyethylenes and studied their viscosi- 
ties, but no experiments exist at piesent which would allow a direct 
check of equation (10) 

Polycondensation and polvmeii/ation of the type just described are 
the only reactions which can bo characterized by one stngU rote covstarit 
The larger majoiity of pol>m('iizations seems to be of a much more ( om- 
plicated (haractei We shall now pass to then descnption 

POLYREACTIONS CONSISTING OF Il^ITIATION. 

PROPAGATION AND TERMINATION 

Many polymeiization leactions paiticularly tho8<? which involve 
vinyl-, afr\lic acid- and butadiene deiivatives seem to lie constituted 
mainly b\ thrc'c distinct elemental y steps, which in some more compli- 
catc'd cases au joined b> a few otluis (blanching (ham tiansfer, et( ) 

Theie au (compaie iabli- 2) first aetvaixon pieccssts, which conveil 


Iablf 2 

(o) A(1I\AT10N PrOC* SSI'S 


IS ature of Process 

mi w/i* mi -f A » \m 

ffh -f mi ■* m * 

First Order Monomolecular 
Collision ith Solvent 

Collision with Catalyst 
Proportional C atalyst Activit> 
Photochemi cally 

Bimolecular Second Order 

AiiV 1 

Aii*fi< 

kn*CiCk 

AiiV A 

kn^c I 

kivt}^ 

(6) Propaoaiion pRoci-s8rs 


^satuie of Process 

nij* -f nil ^ i m/ 

4 mi -♦ nij -f mi* 

Normal Cliaiii Growth 

C ham 1 ransfer 

k V *(i 


(f) TfRMINATION PROd'SHbh 


Natuie of Process m* -*mj 

mj*+m 


Monomolecular 

Isomerisation knc,* 

C'^ollision with 

Monomer 

Cyolhsion with Solvent 

Collision between two 

Radicals 

kxth /*<! 

kn^t ,*c. 

Wc,** 
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the stable, unreactiye monomer, mi, into an activated molecule, mi*i 
mi* or kmi* having the capacity of adding further monomers or other 
molecules. In ail such cases the left-hand side of the chemical equation, 
which represents this step, contains no reactant with an asterisk (indicat- 
ing activation), while there is always one (or two) asterisk on the right 
hand side of the chemical equation. Acttmtion is produced by these 
processes. 

Then, there are propagation etepa^ during which monomer is consumed 
and polymer built up, while activation is maintained. There is an asterisk 
on each side of the chemical equation, representing elementary steps of 
this kind. 

Finally, there are termination proceaaeSy which destroy activation and 
hence have an asterisk only on the left-hand side. 

The first part of tablI: 2 enumerates some activation processes which 
have been found to occur experimentally. The monomer is (as usual) 
represented by mi ; its concentration (or better its activity) by Ci. An 
activated monomer, mi*, can be produced by a first-order reaction either 
monomoleeularly or by a collision with a solvent molecule (activity c.). 
An activated dimer, mi*, can be the result of a sufficiently vigorous colli- 
sion between two monomers. Activated monomers can be produced by 
collision with a catalyst (activity c*), a solvent (c,), or by absorption 
of a light quantum (intensity /) . There may be other types of activation 
(termolecular or by collision of the monomer, mi, with a polymer, m,), 
but those listed in table 2a seem to be most frequent. 

Table 2b contains propagation steps. First, the bimolecular, second- 
order addition of mi to an activated polymer ?»/, which seems to repre- 
sent nom^al chain growth. The process in the next line consists in the 
transfer of tlie activation (asterisk) from a chain with j links, m,*, to a 
monomer, mi*. This process was first considered by Flory‘° and is 
usually termed chain transfer. It does not destroy the growth potential 
as such, but shifts the polymerisation degree to a lower average value. 

Table (2c) finally lists some of the more important cessation reactions. 
The first line represents a monomolecular, first-order termination, which 
can be ring formation or isomerisation of a biradical. The second line 
lists tennination by collision with an inactive monomer, which may con- 
sist in the exchange of two H -atoms between the monomer and a bi- 
radical. The next line shows tlie same thing for collision with a solvent 
molecule and the last contains the mutual saturation of two activated 
chains (each^pf which can have any degree of polymerization, including 
the monomer). This type of termination seems to be preponderant, 
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if the growing chains have one unpaired electron at one of their ends 
(case kii^ of 2a) and exhibit the nature of a normal organic radical. 

The expressions of table 2 permit a simple classification of polyre- 
actions of this type, which is, in a certain sense, similar to the division of 
ordinary reactions into mono-, bi- and trimolccular ones. According 
to them, active centers, c* (regardless of chain length), are produced by a 
certain process, say by 

dc* 

+ — - W (11) 

at 


and consumed by anothei process, say by 

dc* 

= ‘ ( 12 ) 

dt 

At the very beginning of the experiment, c* is zero and hence there 
will be only production of active centc^rs according to reaction (11), but 
no consumption according to reaction (12). However, as soon as a 
certain concentration of c* is built up by reaction (11), will gradu- 
dc^ dc^ 

ally increase until becomes equal to -f - - , fiom which mqment 

dt (it 

a steady value of c* is reached, which remains constant is long as there 
is enough monomer left to maintain it according to reaction (11). This 
steady state consideration was first introduced by Bodenstein ami is a 
very useful approximation to deal with chain reactions of different kinds. 
Recently, R. Ginell and R. Simha investigated under what conditions 
the steady state method can be legitimately applied in polymerization 
reactions and developed equations which hold in any case. 

Setting the left sides of (11) and (12) equal, we obtain for the steady 
state concentration of active (growing) centers in the systems 



(13) 


We can now combine all individual cases of table 2a and 2c with each 
other and obtain the corresponding steady state concentrations as listed 
in TABLE 3. 

It Dday be possible under certain favorable conditions, to carry out a 
diroet measurement of c* (using an inhibitor or the magnetic method). 
Howwer, it is possible to compute with the aid of c* other quantities 
^ieh can be observed and measured directly. 
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First, it is to be remembered that according to table 2b the monomer 
is consumed at a rate of 

dci 

— ~ W)c*ci, (14) 

at 

A* 22 ^ being the rate constant of normal propagation, 4^22®, the one of chain 
transfer. There is, according to table 2c, another monomer consump- 
tion involved in m* mi — > so that wc obtain for the disap])ear- 

ance of the monomer (over-all rate of the reaction) 

^ = (W + A’22^ + k 32 ^) C*Ci = tejC*Ci. (15) 

at 

Work in this direction has just only begun.^^® 

Introducing here the values for c* as listed in table 3, we can easily 
write the rate with which tht* monomer disappears during the polymeri- 
zation. This has been done in table 4. It may be point(‘d out that the 

most reliable values for — are obtaim^d at the lK‘ginning of the poly- 
at 

inerization (after any eventual induction p(‘riod has disappeared), 
where the monomer is still in excess and no appreciable amount of 
polymer has yet been formed. 

The expressions of table 4 can be directly compan i with the rate of 
(initial) monomer consumption measured as a function of the aclivities 
of monomer, solvent, catalyst, intensity of light, etc. 'Hiey contain th(* 
individual rate constants of all elementary steps involved. As we have 
pointed out before, our final goal is to determine the absolute valu(*s and 
temperature dependence (A and E values) of all these individual rate 
constants, in order to use them for the elucidation of their chemical 
nature. By measuring the over-all rate* of the polymerization we can, 
according to table 4, only determine a coinbtmitton of these individual 
rate constants but not each of them individually. In order to do the 
latter, we need additional measurements and additional t»(piations to 
evaluate and to coordinate them with the results of table 4. 

One additional item of infonnation (’an lx* provided by the niimlx*! 
average of the degree of polymerization, Pn, corresponding to thh polymei 
formed at the beginning of the reaction. On the average, each active 
nucleus will have the same chance to grow out into a chain before it is 
terminated and therefore the same number of monomers (number average 
for degree of polymerization Pn) will correspond t o each nucleus. Hence*, 

OSldanftr, O., 8k«iit, 1 .. it Mark, B. Pap^r preaented at tbr Acad Sci ncctinir in Pitta* 
burfb. SepUmbar, 1943. 
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dci 

the rate of monomer consumption, — , will be obtamed by multiplying 

the rate of the activation by the average number of monomer molecules 
bound in one chain 


dci dc* _ 

— P, 

dt di 


(16) 


This, however, is true only if chain transfer is negligible compared with 
propagation. 

Using the expressions of tables 2 and 4, we obtain table 5, which 
shows how the number average foi the degree* of polymerissation of the 
initially produced polymer depends upon the individual rate constants 
involved. As already indicated above, Pn can be ^neasured experi- 
mentally and we have therefore a second equation for the determination 
of the individual rate constants. 

Let us consider a few examples 

(a) Assume that the nuclei are formed by pure thermal collisions ac- 
cording to A:i 2 Ci*, and that the chains are propagated according to 
and terminated by Then we obtain from tables 4 and 5 : 


(A) 


( Initial rate of monomer consumption = W 

) . . W 

f Number average degree of polymerization - ~ 

> ( Aci 




Dividing these two expressions, we must expect to get the raU* of 
nucleus formation and, in fact, we obtain AiiaCi*, as assumed above. 

In this case we should exi}ect a second-order over-all rate and inde- 
pendence of the degree of polymerization upon monomer concentration. 
It seems that this is true in certain cases of high temperature ethylene 
and styrene pK>lymerization in the gas phase,* but it does not seem to 
present the ordinary picture of vinyl-polymerization. 

(b) Assume that nuclei are formed by collision between the monomer 
and a catalyst, A;u*cic*, built up into chains by kn^c*ci and destroyed by 
Then we obtain 


(B) 




Initial over-all rate of polymerization * /:«' 
Number average degree of polymerization » 


‘ {kn*kn*)''AcJ 


and 
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These two expressions show that addition of a catalyst speeds up 
beneficially the over-all rate of polymerization. It reduces, howev(*r, 
in a very undesired way the degree of polymerization. It has l)een 
found by various investigators that the over-all rate of vinyl type* 
polymerization proceeds with the square root of the catalyst concent ra- 
tion and in many cases this fact has been interpreted 

as proof for a dissociation of the catalyst into radicals, l)efore it int(‘rf(*res 
with the monomer. Although this is a probabh' interpretation and is 
support<‘d by other experimental evidence,^* • it is worthwliih' to 
emphasize that, from the point of view of formal kinetics, this square- 
root law is only a consequence of first-order nucleus formation with 
respect to the monomer and to the catalyst, and second-order teimination 
with respect to the active centers. 

Over-all reaction rates proportional to a low powt‘r,of th(' mononu'r 
concentration have been observed on sev(»ral occasions and it sen^ms that 
cas(» (B) comes near to the conditions of peroxide' catalyzed styrene 
polymerization in high monomer concentration. 

(c) Ijet us now assume*, for a slight change* e)f the conditions e>f case* 
(B), that the monomer is in such excess anel the* catalyst ce)nce*n(ration so 
low that nucleus formation dei)ends on the* catalyst cemce'ntrutiem alone*, 
according to A^nV*, and chain propagatiem is control leel by ki2^c*ci anel 
teimination by Then we get 


(C) 


( Initial ove*r-all rate of the re*ae*tion - A22' ( ■ ) eic*'/* and 

) Va,2V 

Average degre'o of polymeinzation = 




This is the case whicli was recently investigate*el ve*ry theiroughly b\ 
C. C. Price and his collaborators.^' Hine*e it will Ik* fully explaine'd 
and discusseel in Professor Price’s paper, it may lx* appropriate not to 
anticipate too much, but tei refe*r to his article in this publication 

(d) Let us finally ask ourse'lv^'S whiedi kinel of catalyze*d polyme'rization 
would be most advantageous freiin the t/e»e‘hnical jioint of vi(*w, using the 
catalyst only for what it shoulel Ik* — namely, as an acce'lerator for the* 
over-all rate of the polymerization, without halving it interfere iinlK*ne*fi- 
cially with the degree of polymerization. 

Looking at our tables, we finel imme*diate*ly that the most favorable 


» Outhbmon. A. 0 .. Om, a.. * Rideal, B. K. 

^BrflUnbMh, W., A MMChin. H. phywkaJ e hem Aia?: I 

Watora.V.r. e hem. Rev. fl: l«P. 1087. 

7» Bouts, B. d., A Adkins, H. Jour. Am. Chem. Soc 81: 1088. 1931, 81. 1600 1088. 

MSisflsr, X. Chem Ztic 88 ; 1«5. 1088. 
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conditions would be obtained if nucleus formation occurred according to 
kii*cict, chain growth according to ktt^Cic* and termination by knc*. In 
this case we get 


(D) 




Over-all rate 


kn 


•Ci*C* 


D^;ree of polymerisation 


kti 


Cl. 


Increase of monomer concentration speeds up the reaction with the 
square of the concentration and increases the molecular weight linearly, 
while catalyst addition accelerates the over-all rate linearly, without 
affecting the degree of polymerization. This double advantage is 
brought about by the first-order termination according to knC*. Recent 
experiments by J. Abcre, G. Goldfinger and H. Naidus and by R. G. 
W. Norrish and R. R. Smith ^ suggest that such conditions can be 
realized, if the polymer grows in a heterogeneous system in which a gel 
phase and a solution phase co-exist. It may also be that emulsion 
and pearl po] 3 rmeriEation offer analogous advantages. Unfortunately, 
with the exception of a number of patrat claims, there is no quantitative 
experimental material available at present which would permit one to 
follow more thoroughly this line of approach. 

It seems, however, that the systematic treatment as initiated by 
various authors’ and as adopted and recommended in 

this article, might have a certain heuristic value in order to establish 
favorable conditions for steering and controlling polymerization re- 
actions. 

Nevertheless, it must be remembered that this comprehensive treat- 
ment represents only a first approximation, inasmuch as the steady state 
principle is used and no complete integration of the general differential 
equations is carried out. Hence, we only get information as to the 
over^Ul rate and as to the average degree of polymerization ^ but do not 
obtain expressions for the molecular size distribution curve. It must 


also be emphasised that the two quantities, 


dJt 


and which are given in 


TABLES 4 and 5 and which can be compared directly with experimental 
data, are not sufficient to detmnine unambiguously the individual rate 
constants of the different elementary steps. We have two equations, 
but at least three (in many cases more) unknown quantities. Hence, we 


IMS. 
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have to look for further expressions which combine these same unknowns 
^8**, etc.) with other directly measurable quantities. One of 
these is the distribution curve of the polymer formed after different 
lengths of time and under various experimental conditions. If it would 
be possible to obtain theoi*etical expressions for the molecular size distri- 
bution as a function of time and of the various individual rate constants, 
and if simultaneously the distribution curve could be determined experi- 
mentally, we could compute the rate constants of the different reaction 
steps individually. 

Very promising attempts have Ixeen made in this direction recently by 
R. Ginell and R. Simha^* and by H. Eyring, R. A. Harman, H. M. 
Hulburt and A. V. Tobolsky.^* The investigations of Eyring and his col- 
laborators arc presented in another article in this publication. It will 
be sufficient here to draw special attention to their very interesting results 
and to prescmt and discuss briefly the results arrived at by (linell and 
Simha.'* 

These authors have succeeded in cai*rying thiough the integration of 
the differential equations under rather general conditions They con- 
sider activation of monomolecular and bimolecular character 

^11 ^ \ 
mi ► mr, (17a) 


mi + mi - 


► TMi* 4- m\. 


The first index in the rate constants refers to the elementary step (1 » 
activation, 2 = propagation, 3 = termination) ; the second, to the order 
of the elementary reaction involved. 

The propagation is described by 

kn 

mj* -h *' 

and the cessation by 

kft /in\ 

m/ -h mi (19) 

Using the elementary steps as represented by equations (17), (18) and 
(19), the differential equations are: 


— ki\mi — kfimi m/* knff^i 


+ kum — knfnimi* — AjaWimi*; 


(20b) 
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+ ~ — hn'mimj*, (20c) 

+ Ajatmimj-i*. (20d) 

Equation (20a) lista all pofisibilities for the consumption of the in- 
activated monomer, mi; they are: 

(a) its conversion into an activated molecule by an initiation reaction 
of the first order according to kutnif 

(b) its building into growing chains of all lengths by a second -order 
reaction, and 

(c) its consumption during a termination process of the second order. 

Equation (20b) establishes the balance for the activated monomer. 

It is produced by the initiation process according to fcumi, and is used 
up by two reactions: 

(a) the propagation according to Ajjjmimi*, whereby it is converted 
into m 2 *, and 

(b) the termination, whereby it is transformed into rth according to 

fcajmimi*. 

Equation (20c) considers production and consumption of chain mole- 
cules having the arbitrary degree of polymerization, j. They are formed 
by chain growth from molecules m,_i and are converted 

(a) by propagation, into according to htmim,* or 

(b) by termination, into m^i according to 

Equation (20d) finally accounts for the accumulation of the stable 
molecules of the general type Wj by termination of chains through 
a collision with mi. 

It is apparent that the system (20) is fairly flexible and allows ac- 
counting for all kinds of other assumptions concerning the different 
elementary steps. If, for example, the initiation is of the second order 
in mi, then the first terms in equation (20a) have to l)e changed to 
— itiimi* and -f- fri 2 mi*, resptM'tively, If a monomolecular deactivation 
of wii* takes place, one has to add a term, ~ kziirii* in (20a). Pre- 
sumably there will be little change necessary in the propagation terms — 
terms 2 in (20a, b) and term 1 in (20c), liecause chain growth will always 
be of the second order in mi and w/. Several possible changes suggest 
themselves for the cessation terms (last terms in all equations). There 
may be chain breaking by the solvent or by any impurity present in the 
system, which can be expressed by a termination according to fcaiw/, 
udiere kti contains the concentration or activity of the chain-breaking 
fubstance. Mutual termination by collision of two growing chains 


dmj* 

dt 

dtrij 

lu ' 
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would lead to a term, in (20b) and to corresponding terms in 

the other equations. 

Ginell and Simha have carried out the integration of equations (20) 
for the cases of first- and second-order initiation and have worked out a 
set of formulas and curves which describe the course of the reaction in 
ail its details. It would be outside of the scope of this comprehensive' 
article to give a complete description of their article*, but it seems aj)- 
propriate to mention at least its main results.’* 

The final number distribution function of the polymei is given by 



mi® being the amount of monomer originally pre'sent anel, ace'orelingly, the 
final weight fraction distribution feinction is 



Equation (22) gives us exactly what we were looking for. It contains 
the rate constants of propagation and termmation and coml^ineS them 
with a new experimentally accessible quantity, nemely the weight 
fraction j Wj, 

No systematic and entirely satisfactory experimental investigation has 
yet been published which utilizes the combination of equations (15), 
(16) and (22), but recently T. Alfrey ** and A. Bartovics * have worked 
out final weight-fraction distribution curves of thiee polystyiene samples 
which had been prepared with benzoyl pi*roxi<ie at 60®, 120® and 180® C 
and determined osmotic and viscometric molecular weights of the various 
fractions. Combining theii results with the findings of J. Abeix*, O. 
Goldfinger and H. Naidus^ and with pievious studies of Breiten- 
bach,*®~*‘ Melville,” Norrish,” Pfann,*^ Raff ® and »Schulz,*® it w^ms that 
one can represent the course of this reaction with fair approximation by 
three rate constants kn*, k^^^ and which an* characterized by the 
following frequency factors and activation eiiergies : 

A:ii^ A about 10“ ; E = 24,000 cal. per mol. 

ktt^ A about 10®; E = 5,000 cal. per mol. 

a about 10^; E = 5,000 cal. per mol. 

TIm authora are very mucli indebted to Mr R Ginell and Dr. R. Simha for having diacuaaed theae 
reaulta with them before they were publiahed 
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The absolute values of these rate constants at 120-130® C. are: 

rate of initiation about 10“^ 

rate of propagation about 10* 

rate of termination about 10' 


and their ratio is: 

propagation 10* times faster than initiation, and 
propagation 10 times faster than termination. 

From TABLE 5 we get for the average degree of polymerization about 
4000, which is on the high side, presumably because chain transfer and 
branching have not been taken into account. 

The above figures make it legitimate, according to Ginell and Simha, 
to apply the Bodenstein principle of a steady state of the active centers 
and justify a poatenon the use of tables 3, 4 and 5 in the discussion of 
this kind of vinyl type polymerizations. It must be pointed out, how- 
ever, that there are indications that at higher temperatures chain trans- 
fer and branching interfere with the results and have to be more properly 
accounted for. 

This brief description of the formal kinetics of vinyl type polymeriza- 
tion may serve to show that, up to date, we have only to a very limited 
extent approached the goal of a quantitative resolution of the course of 
such a reaction in its various individual steps. Keeping this preliminary 
state of our knowledge in mind, we shall now pass to the description of 
the chemical nature of the different elementary steps. 


THE ELEMENTARY STEPS OF VINYL 
TYPE POLYMERIZATION 

At least three individual elementary steps have to be considered: 
odtvofton, propageUton and termination, but it seems that in many cases 
(if not in all) other processes, such as chain tranter and branching render 
the conditions more complicated, as represented in tables 3, 4 and 5. 
The two articles by C. 0. Price and H. M. Hulburt, R. A. Harman, A. 
V. Tobolsky and H. Eyring give a very excellent and complete description 
of our present knowledge concerning the chemical nature of the different 
elementary steps. It may, therefore, be appropriate not to overlap 
these presen^^ptions, but to add here only a very short and cursory report, 
without gdbg into any detailed discussion. 
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Activation Processet 

It seems that all activation processes, as listed in table 2, can and do 
take place under appropriate experimental conditions. The thermal 
(uncatalyzed) activation (first or second order) becomes noticeable at 
higher temperatures (styrene above 180®; vinyl acetate above 80® C.), 
while the catalyzed activation prevails at lower temperatures. In cer- 
tain cases (free radicals, alkali metals, peroxides, ozonides) the catalyst 
acts by producing a free radical, in other instances (BF3, AlClt, SnCU) 
association of the catalyst with the monomer takes place. Photo- 
polymerization takes place mostly (or always) according to V7, showing 
that the photoactivated monomer can either return to the unactive 
state or grow into a chain. 

Burk,^* Breitenbach,*' Goldfinger,*® Lankelma,^* Moore,^* Raff,* 
Schulz and Whitby ** have investigated the uncatalyzed polymerization 
of styrene ; it seems that an energy of about 23,000-25,000 cal. per mol. 
is necessary to produce activation and that the collision factor is between 
10^ and 10®. Activation of this kind is a rather slow reaction at tem- 
peratures below 150® C. (fell' or kn about 10“®). 

Radical catalyzed polymerization of vinyl- and acryl-derivatives has 
been studied by A^re,” Alyea,” Bolland,*® Goldfinger," Naidus,*® 
Norrish,^^ Pfann,*^ Price,®‘ Raff * and Schulz.^® Three ways ha^e been 
chosen to accumulate additional infonxiation as to •whether or not a 
radical mechanism is responsible for the activation : 

(a) The dependence of the initial monomer consumption upon the 
concentration of the catalyst. Table 6 enumerates cases in 
which the square root of catalyst concentration was proportional 
to the initial reaction rate. 

(b) The appearance of the dissociated catalyst molecule at one or 
both ends of the chains of the final polymer. Table 7 shows cases 
in which the dissociation products of appropriately substituted 
catalysts have been located analytically at the chain ends of th(» 
polymer. The number average molecular weight, as calculated 
from this end-group determination, has been compared with other 
number or weight average determinations and is in reasonable 
agreement with them. 

(c) In one case liie concentration of the activating radicals was meas- 
ured directly by the color of the solution and it was found that the 
initial rate of monomer consumption is proportional to this con- 
centration, Number average molecular weights as determine<l 
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Table' 7 

Catalyst Has Been Found at the Chain Ends 


Sub- 

stance 

Catalyst 

DP from end 
group analysis 

DP osmotic or 
viscometric 

Author 

Styrene 

;>-Br diazoniiun- 
hydroxide 

30 for Bi . Br 

17 for Br OH 

22 (vise) 

Price and 
Durham 

Styrene 

p-Br-ben\ovlppro\ide 

40 for Br Br 

19 for Br \ 

34 (osm) 

Piaiin 

Styrene 

tetraphenyl-sucn- 

nonitril 

N has been found 
m the polymer 


Schulz 

Styrene 

tetra-Cl-tetraphenyl- 

Buecinonitru 

21 for R R 

17 (osm) 

Raff 


from different sourceb agnn'd within the limit of experimental 
errors. 


This seems to indicate that under certain conditK)iis (vinyl-deriva- 
tives, low temperatures, easily dissociating catalysts) the activation to 
radicals plays an important role and decitledly influences the kinetics 
of the reaction. It has b(*en suggested ® that in such cases the activa- 
tion of the ethylene double bond consists m lifting the two elw^rons of 
the second kind in a state of identical spin, so that the^^ occupy repulsive 
orbitals. Recently, Eyring and his collaborators hav(‘ shown 
that the singlet-triplet transition in ethylene derivatives not only ac- 
counts for the radical catalyzed polymeiization of such eompounds, but 
also explains very satisfactoril> a numlM*r of cih-trans isomerization 
processes and certain typical addition rules of the double bond. 

If one adopts this point of view, catalysts of the fieroxide, ozonich^ 
and radical type accelerate the initiation reaction not by dec -easing the 
activation energy, but by facilitating the singlet -triplet transition by 
magnetic perturbation, which increases the frerpumey factor from 10'" to 
about 10“. As far as uncatalyzed polymerization has beim observed 
(compare above), the activation was found to occur according to A = 10* 
and E = 23,000 cal. per mol., while radical type catalysis always leads 
to values of A = 10^\ E = 23,000 cal. per mol. 

Pol 3 onerization catalyzed by polarization of the double lx)nd has b<H*n 
studied by Frolich,® Gwyn Williams,®^ Norrish and others.** It 


E. A. 
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aeewB to occur at low temperatures in the presence of strongly polar 
molecules, such as BFi, AlClj, etc. E 3 rring has pointed out that in 
such cases presumably the heteropoliur elevated state of the double 
bond is responsible for the activation. One should expect that in 
these instances the initial rate of monomer consumption is directly 
proportional to the concentration of the catalyst. It seems that this is 
true for the polymerisation of isobutylene with BFs and of styrene with 
SnCU, although it would be very welcome to have better experimental 
evidence of this fact. 

This type of catalysis accelerates the reaction by decreasing the activa- 
tion energy, which is necessary to bring the molecule into the first acti- 
vated singlet state and which is about 40,000 cal. per mol., down to 
values between 20,000 and 25,000 cal. per mol. The collision factor is 
about 10^' and is not noticeably affected by the catalyst. 

Altogether, it appears that the two possible uncatalyzed initial re- 
actions — the nonadiabatic (singlet-triplet) radical type activation and 
the adiabatic (singlet-singlet) ionic type activation — are both slow at 
temperatures below 200® C.; the former, because the frequency constant 
is small (about 10‘) ; the latter, because the activation energy is large 
(about 40,000 cal. per mol.). In both cases catalysis can be effectively 
applied ; in the former, the frequency constant is increased up to about 
10'', in the latter, the activation energy is lowered down to about 20,000 
cal. per mol. In both ways one arrives at reactions having a reasonable 
rate, which conforms fairly well with our experimental knowledge. 
Tablk 8 shows a few figures which may help to elucidate this situation. 


'Pable 8 


Apbboximate Rates of Uncatalyzed and Catalyzed Vinyl Type Polymerization 


A E Absolute Rate Constant At 


IVpe of Reaction 

in 

in 





»ec,“‘ 

cal./mol. 

50*^ C. 

160° C. 

250* C. 

Uneatalyied non-adiabatic 






(radif^) type 

Catalysed (peroxide) non- 

10» 

24,000 

io-»* 

10-» 

io-» 

adiabatic type 

Uneatalysed adiabatic 
(ionic) type 

CatalsrsM (BFa) adiabatic 

10“ 

24,000 

lO"* 

10-* 

10+* 

10** 

40,000 

10-“ 

10-» 

io-» 

type 

10** 

24,000 

io-» 

10-* 

10+* 
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Propagation ^ocesses 

Th© simplest propagation reaction is the normal chain growth, which 
seems to take place fairly rapidly. ()l)8ervation8 of Melville," Schulz 
and others indicate that the average life time of a growing polystyrene 
chain of about 1000 monomers is between 10“* and 10“* seconds, if the 
radical mechanism is involved. On the other hand, Abkin,“- Bolland,^* 
Medvedev,** *^ Norrish,^^ Raff^ and Schulz’* have observed that 
chains of butadiene, isoprene, acrylic- and vinyl-derivatives can grow 
over a very long period without lieing effectively terminated (polarized 
double bond mechanism). 

The different chain transfer reactions an* very inter(*sting and im- 
portant propagation processes. In the simplest case, chain transfer 
occurs according to the schedule 

m/ 4- Wi — > nij -f mi*. 

A growing chain with j monomers having a free valency at its (*nd collides 
with a monomer, takes a hydrog(*n atom away frf)m it, loses thereby its 
own radical character and transfers it to the monomer. Activation is 
maintained, but degn*e of polymerization is lost. 

Uncatalyzed chain transfer has been postulated by Flory,’’’ Schulz 
and others ^ to explain the moh'cular distribution curv(*s of certain vinyl- 
derivatives. Recently, Abere,’*’ Breitenbach,^* Goldfingi‘r,“ Mas^’hin 
and Naidus have succeeded in investigating tin* catal^ o<‘d chain trans- 
fer during the polymerization of styrene in various s()lv(*nts. They found 
that growing styrene chains attack CC'U, add chlorine at their end and 
lil)erate a C’Cls radical. Ihis radical in turn starts a new chain, which 
continues to grow. This seems t(» exidain in a fair \^ay why certain 
solvents decrease the average molecular widght without affecting the 
rate of consumption of the monomer 

Another propagation process is branching, which has lK*en introduced 
in the discuasion of stynme iKilymerization by Raff,* Schulz and 
Staudinger.** The first experimental evifienec* foi the existence of 
branching was seen in characteristic disei-epanch*s iM^tween ch'grees of 
polymerization as obtami'd from osmotic pressure and viscosity meas- 
urements, respectively. It seems, however, that this argument has lost 
its strength in view of more recent and mon* carefully collected’ data on 
the relationship l)ctween osmotic and viscosinietric data. Measure- 
ments by T. Alfrey,’» A. Bartovics,* K. M. Fiioss,’* P. J. Flory,’* M 
Harris,*’ R. A. Kemp,* H. Peters,* H. A. Rutherford,** and A. Sookne ** 

•• Lecture et the oaeetine of tbe New York Section of the kmenewn t keiutoel Society on Kclirusr> 

1B4S. 

** EtttlMrtord, B. A., looknt. A., Btfiil, M.. A Merk, H. 4our Rei Natl. Bur. blandarda M: 

m. 
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indicate that a comparison of degrees of pol 3 rmerization as obtained by 
the two different methods is a much more involved problem than it first 
seemed to be, and suggest other explanations for the above-mentioned 
discrepancies. 

However, there exist other indications for the existence of chain 
branching in the case of polystyrene. R. Boyer •* has recently used the 
electron microscope to compare polystyrene samples prepared at different 
temperatures and has found that they differ in aspect quite considerably. 
T. Alfrcy'* and A. Bartovics * have observed that the osmotic pressure 
of polystyrene solutions, which were made with samples prepared at 60®, 
120® and 180® C., showed a distinctly different dependence upon concenr 
tration. Evaluating their findings with the theory recently proposed by 
P. J. Flory ” and M. L. Huggins,’ they conclude that samples prepared at 
different temperatures seem to have intrinsically different internal chain 
structures. Tliis, qf course, cannot Ixi considered as being an experi- 
mental proof for the existence of branching, but it is an indication that 
there are fundamental differences l)etween polystyrene samples which 
have been prepared at different temperatures. 

Termination Processes 

In the case of radical chain polymerization, it seems that termination 
occurs either if two growing chains collide with their activated ends (free 
valencies) or if one chain collides with the dissociation product of the 
catalyst. Abkin,*^ Holland, ** Medvedev and Melville “ have 
studied the termination of growing chains of ethylene and butadiene de- 
rivatives by various substances and found in some cases (radical chain) 
that the chain ends are extremely sensitive to cessation, while in others 
(ionic chain) growing chains ai-e surprisingly resistant to termination. 
However, all these observations are of a more qualitative character, and 
do not allow at present the drawing of very definite conclusions as to the 
exact mechanism of chain breaking. 

** DiicuMipn at The New York Academy of Sciences meeting on January 9, 1943. 

- Flory. F. J. Ann. N. Y. Acad. Sci. U: 419. 1948. 



ELASTICITY AND FLOW IN HIGH POLYMERS 


By Robert Simha 

From DepartnmU of Chemistry , Howard University, WashingUm, D. C. 

INTRODUCTION 

A few summarizing remarks will made on the molecular mechanisms 
it'sponsible for the large elastic deformations obtained in niblx'rdike 
materials. The main part of this paper deals with rate phenomena 
which appear in amorphous materials in general and particularly in 
amorphous high polymcTS when one of the variables of state in the sys- 
tem, e.g., shearing stress, volume pressure or tenifK^rature, experiences 
a rapid change. 

If an intejrnal stress t is created in a medium, a defonnation y is pro- 
duced. Its magnitude and rat(‘ of change with time* depend upon the 
magnitude of the stress: 

where t is the* time elapsed since the lx‘ginning of the experiimuit itnd T 
the absolute temperature. If r is a function of y (and ^ ) only, th('n w(‘ 
speak of our material as an elastic solid, while* d(*ix‘ndenc(* upon the rate* 
of eleformation (and T) only, chaiacterize*s the* viscous lie|uiel. These* 
two cases theit'fore ce>rr(\sponel te) a .ste*aely state* whi(*h is e*stabhshe*d at 
once, or at least at a rate* mue*h larger than could be* me*asur(*d in the* 
coursi* of an ordinary extension or .she*ar e*xpe*iime*nt. 

The e»laNtic defeirmatiem of a crystal like Na(M involve*s the increase* eif 
di8tanc(*8 betw(*e*n e*onstituent particlt*s against chemical feirces. It leads 
to a value of the elastic modulus lx‘twe*en 10’” and 10'- dyn cm'*^ accoreling 
to the nature of the force‘s involve*tI. In this pro(*ess only a change of 
distances occurs. However, eacli particle retains its eiriginal neighlxirs 
on the average. ViscoUs flow eif a liejuid, on the* e'ontrary, involves the* 
displacement of particle's relatively to each other and the* occupation of 
new definite equilibrium positions. The eneigv gained in the* course* of 
this process is therefoix* elissipal(*el intei !ie*ut. 

HIGH ELASTIC DEFORMATION 

In the case of high polymers a eliffe'i’ent situatiem is e*ne*e)unU*re*d. Due* 
to the size of the molecule, the rate at which a steaei}' state is re*aoh(*eJ is 
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gmaller, often considerably smaller. Furtheimore, viscous flow is 
impeded in comparison with that exhibited by other amorphous sub- 
stances while elastic deformation is favored. Besides the ordinary 
elastic deformation, characteristic of a jierfect elastic solid, we find a 
second component of highly elastic deformation, exceeding the first one 
considerably. While the first type exhibits only slight temperature 
dependence, the opposite is true for high elasticity. According to the 
kinetic theory of rubber-like elasticity this t fleet is connected with the 
uncoiling of molecules under the influence of the external stress and with 
the orientation of the chains in the direction of streas. The correspond- 
ing change in free energy is responsible for the apjiearance of a modulus 
of high elasticity of the order of magnitude of 10® dyn/cm* in a state of 
equilibrium. In the course of this process the density of the material 
remains approximately constant, indicating that the change in free 
energy is largely an entropy change. The heat motion opposes the 
orientation tendency and counteracts the external stress much as the 
external pressure is counteract(‘d by the thermal motion of the molecules 
in a perfect gas. 

Under certain simplifications these* considerations can l)e evaluated by 
means of a statistical treatment to give numerical results for the equilib- 
rium value of the high elastic component of deformation. The theory, 
as originally developed, contained the rather serious restriction of per- 
fectly free rotation within one chain and the absence of any kind of 
interaction between chains. Recent work of Bresler and Frenkel* deals 
with the moilification of the thermal motion and the shape of flexible 
chains by an internal potential hindering free rotation. Guth and 
James’ have derivinl an expression for the equilibrium value of the high 
elastic modulus of a flexible network. In this manner it is possible to 
calculate stress-strain curves for mbber up to several hundred per cent 
extension. 

The change in free energy upon stretching can be determined from 
thermal measurements. The equilibrium value of the tension t is con- 
nected with the energy and entropy change on extension by means of 
well-known thermodynamic relationships*: 


1 ; 4M. 109» 

mi. 

mi 
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r 


{U internal energy, entropy) 

<^y/T \dy/T \By/T \^T/y 


( 1 ) 


This gives the isothermal dependence of U and S on the extension 7. 
Wiegand and Snyder^s* data on vulcanized rubber were evaluated by 
Treloar.® The result is shown in table 1. Up to extensions of about 
350 per cent there is only a small positive energy change on stretching 
and the larger part of the tension is due to a decrease in entropy. At 
higher elongations, however, crystallization begins, as reflected in the 
change of sign of (dU/dy)^, the rapid increase of all absolute values and 
the steepness of the stress-strain curve. This shows that high elastic 
deformation of moderately vulcanized, uncrystallized rubber is primarily 
an entropy effect and thus confirms at least in a qualitative fashion the 
basic assumption of the kinetic theory of rubber-like elasticity. In the 
case of plastics and fibrous materials the total apparent equilibrium 
deformation observed at room temperature is a much more complex 
superposition of energy and entropy effects, and crystal-like elasticity 
plays a much more important role even at moderate extensions. The 
analogy with a perfect gas breaks down and thermal motion is no longer 
the preponderant factor. One can conclude that rubber-like elasticity 
accompanies the existence of relatively free rotation w»*hin a chain as 
determined by the interactions along the main chain skeleton and by the 
nature and size of the side groups The investigations of Bresler and 
Frenkel® further indicate that the chain length is an important factor in 
determining the ability of the chain to assume shapes differing from the 
straight one at a given temperature, and to give rise to the al>ove-men- 
tioned entropy effects. 


Tabll 1 

Internal Energy and Entropy Changes on Stretching 


Extension 7 Tension r (dU/dyjr T(dS/dy)T 

% (g.wt.) Cg-wt.) ^ 


158 

288 

376 

462 

548 

632 

718 


70 

104 

121 

113 

131 

156 

250 


■f20 

+24 ’ 

+5 

-142 

-240 

-170 

+300 


-50 
-80 
-116 
-255 
-371 
-326 
+ 140 


•TfsIOM. L.ft. O. TrAM. Faraday Soc. M: 208. 1042. 
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RATES OF DEFORMATION AND TIME EFFECTS 

A distinction bt*tween rubbcr-like materials such as polyisoprene, 
neoprene or polyisobutylene and other high polymers is found not only 
in the absolute values for the apparent value of the elastic defonnation 
but also in the rate of attainment of true equilibrium and of ultimate 
flow as given by the viscosity of the medium. The rate of these proc- 
esses is determined by the velocity with which the molecules are able to 
react to the applied stress. This rearrangement is favored by the thermal 
motion, hindered by molecular forces, and is therefore strongly temp(^ra- 
ture dependent. The Maxwell-type‘” relaxation of stress at constant 
deformation, for instance, is caused by the stress-relieving transitions 
of constituent particles in the lattice into positions of lower fre(* en(*rgy. 
The same mechanism leads, at constant tension, ultimately (or more 
correctly, after a time large compared with the relaxation time) to 
viscous flow. Alexandrov and Tiaz\irkin“ write the total elastic deforma- 
tion in the following manner: 


7(0 


7el -f 7he»(*) 



(2) 


The last term has been added here to inclu(ic viscous flow, r) is the 
viscosity if 7 denotes the shear. In the case of an elongation experi- 
ment, ij is divided by 2(fx -f 1), where m is the Poisson ratio and may hv 
assumed to have a constant value if no measurable time effects are con- 
nected with the lateral contraction. Additional crystallization appear- 
ing in the course of t he experiment is excluded for the moment. The first 
term reproduces the ordinary crystal elasticity, the second one the part 
that is characteristic of a high polymer. This relation can be understood 
in the following manner. Let us assume that the total deformation is 
composed of three parts: first, a term corresponding to the ordinary 
elastic extension and equal to r/Cr, where G is the ordinary modulus of 
shear or of elasticity; second, a part reproducing viscous flow and equal to 



f^st, a term accounting for that part of the reversible deformation which 
is established only gradually and, in agreement with equation (2), 
accoMing to an exponential law. In other words, we assume as a first 


O. Phil. Msff. M: 1S4. mgl. 
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approximation that the orientation process can be treated as a first- 
order reaction. The equation Mow satisfies this postulate: 

dV 

T = + *71 ~ 

dt 

Gi is the modulus of high elasticity in the cast‘ of high polymers, iji the 
viscosity connected with the establishment of final elastic equilibrium, 
such that vii/Gi = X, defines the time necessary for this purposi'. The 
total deformation can then be seen to olx*y the following integro- 
differential equation'®: 

dy 


«.7 + n.^=(n-~ + ^) 


rjidr Gi 

I T H H 

G dt n 

For constant stress r it has equation (2) as solution if 
(hel = t; friThtlCo®) = T. 


f 


rdt; (20 


Equation (2) can be given a somewhat difTerc'nt interpretation as will 
appear below. It may be seen that it will l)e valid only for small 
deformations, when the four parametc'rs G, (ri, 17, iji are really constants 
under isothermal conditions. Furthermon' the inertia of the spc'cimcn 
hnn been neglected. This implies that the rate of change of th(‘ external 
stress is small compared with the frequency of the fre(‘ vibration*? of the 
sample. For a periodic stress with angular freq’* *ncy w, equation 
(20 gives a variable deformation with the same frequency and the 
following amplitude: 


7fl -f 


7hel(«) 

1 + tuX 


Id j , 


(2a) 


in which y^i and 7hoi( 0® ) are defined as above. If flow is negligible, th(‘ 
term in the parenthesis reduces to 1. In any case', however the ampli- 
tude is complex. This, in turn, indicates a phaw* lag lietween the applied 
stress and the resulting strain analogous to the one obs<»rv(Ml l)etw«‘en 
field strength and electric current in a dielectiic which leads to di- 
electric losses. In the same manner mechanical loss in our medium 
is the result even if static internal friction is negligible. The amplitude 
of high clastic deformation is furthermore* not a constant of the medium 
under consideration only, but depends also ni>on the magnitude of the* 
stress frequency in a manner (‘asily seen from equation (2a) and shown 
in F10URE8 6 and 7. 

The meaning of 1 /X is that of a reaction rate if we consider a rate 
process in the general sense as a transfonnation requiring the over- 


» rmkcl, * OlirMtMT. J. Jour. Pbyi. Acu4. Sci. USSR t : 181. 1840. 
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coming of an energy barrier. ' The latt<*r determincH in this case mainly 
the parameter i/i. ^Phis viscosity coefficient must not be identified with 
the internal friction, iy, which measures Newtonian flow in the sample. 
We can therefore write: 

It is found" that for moderate strains, not exceeding 100 per cent in the 
case of partly vulcanized rubber for instance, this relation holds with a 
value of the heat of activation AHri independent of the stress and also 
independent of the temperature in a range of about 25® C. for all mate- 
rials considered. Figure 1 shows a logarithmic plot of X for natural and 
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Fiatms 1. Variation of the relaxation time with temperature for different polymeri, (1) rubber 
ouide of natural rubber with S per cent of aulfur, (t) chloroprrne; (S) partly vulranixed ebonite; (4) 
methyl methacrylate with 80 |>er cent plaiticiaer: (5) the aame with 10 per cent plaaticiaer added: (0) aa 
before, without plaaticiaer. 


83 rnthetic rubber samples and methyl methacrylate samples with various 
plasticizer conttmts. Straight lines are obtained and it may be seen 
that the orientation time X has the value of one second (an interval com- 
parable with the time of loading) for rubl^ers at temperatures below 
— 30® while the plastics do not reach such a value below -4-70® C. 
and the last unplasticized sample only at -h 140® C. The same facts are 
expressed in table 2 of the he^its and entropies for the process of rear- 
rangement, computed by Eley‘’ from Alexandrov and Lazurkin's" data. 
A variation in by a factor of 2 is found between the two limits of 
the table. Fkuire 2 shows the creep curve at various temperatures 
calculated from equation (2), neglecting the flow term. Figure 3 gives 
the influence of increasing temperature on the deformation for various 
times of loading computed from equations (2) and (3). Figures 4 
md 5 contain the corresponding experimental data for natural rubber. 
Figure 6 shows the temperature dependence of the elastic deformation 
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Table' 2 

Energy and Entropy of Activation for Elastic Orientation Proc'ess 


Polymer 


Natural rubber — 3% S 
('hloroprene 

Partly vulcanized ebonite 
Polymethacrylate — 30% plasticizer 
Pol 3 rmethacrylate — 10% plasticizer 
Polymethacrylate without plasticizer 




kcal 

caldeg’’ 

mol ‘ 

mol"‘ 

38 

104 

38 

99 

55 

121 

52 

87 

59 

95 

75 

122 


at increasing frequencies according to equations (2a) and (3). These 
equations reproduce in a first approximation the experimental data for 
the polymers indicated in table 2, as may be judged ftom nitimEs 4, 5 
and 7. They show clearly that the streas-stram curve of a high polymer 
depends strongly upon temperature and experimental time or frequency 
in the case of a periodically varying stress. The higher th(' frequency 
at a given stress, the higher also the temperature at which a given strain 
can be produced. This is in accordance with the fact that even ordinary 
liquids with viscosities of the order of 10’ 10^ poises assume solid-hke 
properties; e.g., show brittleness,’^ or transmit shi'ai waveSfi when 
exposed to mechanical disturbances of sufhciently high fr(‘quency. 

The quantity characteristic for the time behavior at any temperature 
is the ‘^orientation time,^’ which in turn is detei mined by the (Jibbs' fr(»e 
energy of activation for the process. The differences between a rublier 
and a plastic like polystyrene* or an acrylic acid derivative seem to be* 
constituted to a larger part by differences in ( iiergy of activation, while 



t'lovBB «. Deformiition-tiinc curve* for different temperature* ai cording to equation (ti 
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fiovBE S IMoruBtion-temperature curves for various iimes t of loading, atcording to equations 
(«)and(8). 


m\ 

Iff 

iff 


0 too loff jffff m soff m 

Ttmeiseci 

1*10 URE 4 ( reep cur\ea for natural rubber (8 per cent S) at various temperatures 



Fiovek a. f^tormaiiOD>temperaiure curves ai various times of loadtnf of natural rubber (8 per 
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0 Deformntion-lempernturt cnrveiitm ^uriouu frequence* « H<c<»r<Jin« t« equation* 

C«a) and (i) 



liiauRE 7 Deformatiun*teinperature curvet of natural rubber (S per cent S) at \ar>inK frequeiiciea 


entropy differences play a smaller role, as far as one can judRC from 
TABLE 2. It must be kept in mind however, that these data refer to 
uncrystallized materials and to small deformations. AS will therefore 
contain mainly contiibutions of the change of shape of each chain and of 
the segment motions in the field of stiess This leads to another ques- 
tion, namely, how far is it justified to tr(*at the whole viscous-clastic 
reaction as a simple kinetic process characterized by a single rate con- 
stant? Polar high polymers like phenolic resins**^ or jxdar vinyl deriva- 
tivesi* exhibit dielectric dispersion m a fashion which cannot lie accounted 
for in terms of a single time constant. Instead, a whole distribution 
must be assumed, the charaebT of which can actuallv be deduced from 
the nature of the dispersion curve It was furthermore shown by 
Fuoss and Kirkwood that a chain molecule gives rise to tlie existence of 
a multitude of dielectric relaxation times because of its internal flexibility 
which introduces the possibility of segment motions 


>*BMrtikonit L.f Mtcioiii H. Y. L.f A auiaton, • Proc 104 ] 
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"fhe nature of this work shows that a similar situation will exist in 
respect to mechanical behavior An extension of Maxwell’s^® original 
relaxation theory to a relaxation spectrum was first proposed by Thom- 
son^* and Wiechert.^* Kuhn*® has attributed high elasticity to the 
existence of different molecular mechanisms, with different elastic 
moduli and widely differing time constants coming into play when stress 
is applied. The nature of the creep curves obtained with inorganic 
glasses*^ and high polymers** points in the same direction. 

The broadness of the spectnim in the ease of a high polymer is essen- 
tially a consequence of the particular effects characteristic of long-chain 
molecules possessing internal fiexibility of shape. Three different 
mechanisms can lie roughly distinguished as responsible for the mechan- 
ical time effects.**'* First, the thermal diffusion of the chain segments in 
the field of shear. Although not identical with their movements m an 
electric field this leads to relaxation times of the same order of magnitude 
as those responsible foi dielectric dispersion; that is, to values below 
one second. Next we must consider the change in average shape caused 
by the application of the streas. The free energy of activation for the 
relaxation of stress is larger here The relaxation time increases with 
the size of tlu* molecule and with its internal stiffness. For an isolated 
chain with free rotation the time is proportional to the degree of poly- 
merization and inversely proportional to the rate of diffusion of one chain 
end relatively to the other. ^ Hindered rotation increases the value® as 
is to be expected. The van der Waals forces between chains will have 
the same effect. The alignment and displacement of whole chains 
relatively to each other requires the overcoming of van der Waals forces 
between whole chains, hence the values of the time constants are large. 
Flow will l^ecome preponderant after a period, large compared with 
these times, which arc of the order of magnitude of hours or days in a 
fiber. Obviously the above viscosity, »ii, is to be correlated to the first 
and second mechanism since, for instance, in rubbers at room tempera- 
ture, it is smaller than rj by orders of magnitude. 

According to these considerations the time constant X in equation (2), 
if it is valid at all, must represent an average over the whole distribution. 
We can obtain a very rough estimate of the limits in the following fashion. 
A relation of the type of equation (2) has been derived by various 
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authors**' ** by assuming the existence of a discrete number of relaxation 
mechanisms, each following Maxwell laws. This corresponds to a 
parallel arrangement of spring-dash-pot pairs coupled in series, or in 
other words to a supc^rposition of stresses rather than strains which led 
to equation (2'). For the particular case of two such relaxation times 
the following relation is found: 

— I— I, + - *■>’ I , .. (-Vi±£*\\ 1 

+ «. l (K.ti + K*,)' I V E, + ft / J 

kiki I 

Eik2 + Ezki f 


El and E^ are (‘lastic or shear moduli, according to the case under 
consideration, and k\ and k 2 represent the rates of' relaxation for the 
two mechanisms. This is identical with equation (2). The inhomo- 
geneity of the relaxation process gives rise to a series of exponential 
terms instead of a single one if more than two independent relaxation 
times are introduced. Of course similar results can be obtained by an 
extension of equation (2'). We are using this approach here because 
it has already been extended** in a way similar to the work of Fuosa and 
Kirkwood'* on dielectrics. % 

It may be seen that the equilibrium value of the high elastic deforma- 
tion will be larger, the larger the disparities in the values for the two 
relaxation rates at a given temperature. For our estimate we assume 
that viscous flow is negligibly small. This implies that one of the 
rates, say is vanishingly small. It follows that the ratio between 
high elastic and ordinary elastic defoimation equals the inverse ra- 
tio of the elastic moduli. We may assign a value of 10" dyn/cm* to 
El, and 2 X 10* dyn 'cm* to E 2 . At a temperature of -40® C., the 
X-constant for niblier has the approximate value* of one second. Taking 
this average value and our previous assumptions, we find fci ~ 5 X 10* 
sec*”' and fcj = 0. At —25® C., ki would have inci eased to 5 X 10" 
8ec~', if the heats of activation remained constant over this wide range 
of temperatures. At room temperature, the methacrylate sample with 
30 per cent plasticizer has a value ki of 5 sec. with k^ = 0, and therefore 
exhibits no rubber-like behavior. The procedure used can furnish only 
a very rough estimate, especially at higher temixjratures when* viscous 
flow will be measurable. Nevertheless, it shows that several relaxation 
mechanisms of widely differing magnitudes are operating which cannot 


1 ^ a Btttffwr. H. Pbyiikai. Zeit. 40: 418. 1888 
wgotopmur, W., a J«nok«l, 1. 2«it. phytikal. Chem. AIM: S88 1840 

**aimlia, a. Jour. Appl. Fbyt. IS: 801. 1948. 
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be represented by an average value. The creep curves obtained lead to 
similar conclusions and they can be used for a determination of the 
actual distribution of relaxation times and of the Boltzmann after-effect 
function.*’*®'** 

Oppression of long-chain effects, by increasing the van der Waals 
forces, for instance, in the transition from a rubber to a plastic or fiber,*® 
will not only shift the spectrum to smaller frequencies but also narrow 
its width and reduce the extent of high elastic deformation. Cross 
linking will increase the largest relaxation times and therefore retard the 
onset of flow though not affecting appreciably the elastic properties, 
as long as the number of cross bonds is small compared with the number 
of intra-molecular links. Table 2 shows that ultimately cross bonding 
(ebonite) increases the mean energy of activation for elastic deformation. 
This must be ascribed primarily to the part of the energy necessary for 
segment motions. The higher values obtained for the methacryl- 
ates may l)e due to the introduction of polar side groups. Eley^® has 
attempted to separate the tabulated energies AH,i into two parts, one 
to bo attributed to the separation of the chahi segments in the process 
of orientation which leads to high elastic deformation. The correspond- 
ing value of AH is determined from the activation energy of viscous 
flow in raw rubber which is aViout 10 kcal per mole, and from the energy 
necessary for rotation of one C-C bond which has the order of magnitude 
of 3 kcal. The remainder of tlu' activation energ>' of 38 kcal is ascribed 
to the rotation of C-C bonds necessary for the uncoiling of th(» chains. 
This is analogous to the previously discussed H(‘paration of the relaxation 
spectrum into two parts, if viscous flow is negligible. In view of the 
uncertainty of the energy values for internal rotation and of the fact 
that the activation energies are not additive in averaging over the relaxa- 
tion distribution, these conclusions appear questionable. 

RELATION TO OTHER PHENOMENA 

The ordinary elastic modulus and the shear modulus are practically 
independent of temperature. For the other coefficients the kinetic 
theory predicts an increase proportional to a first or higher power of the 
temperature® according to whether the thermal (‘iiergy or the rotation 
potential around valence lK>uds is larger. This dependence is over- 
shadowed by the influence of temp<'rature on the time constant. 
The attainment of tlie final value of the highly elastic strain is increas- 
ingly retarded as the temperature is lowered at constant stress. Finally 


” aoHimiwa. if. Pon. Ann. Erir. t: 644. 1876. 
••Mark. a. ind Enf.cbem. t4: 184S 164«. 
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a situation is reached in which this equilibrium value is not established at 
all for all practical purposes. It may be seen, for instance, from the 
extension curves previously shown, that for natural, moderately vul- 
canized rubber this happens at a temperature of about —70® C. Above 
this transition temperature the total equilibrium modulus is determined 
by the equation : 

l/I^'total = l/(7i^ l/G’i. 

Below it a nonequilibrium with a higher value of the free energy is 
frozen in with a modulus given by: 

l/(7t«tai ~ 1/r/. 


These facts bear a great resemblance to the volume pressure* and 
volume-temperature behavior observed in low molecu\ar glasses as well 
as in high polymers. Tammann and Jellinghaus’*® found that selenium 
glass and colophonium frozen originally under atmospheric pressure 
as8ume‘d a smaller volume under a pressure increase* only upon heating 
the specimen to a certain temi)erature Tf. Similarly, the volume change 
accompanying a reduction of pressure could be obH(*rved only under th(* 
same condition. An analogous situation exists in I’espect to thennal 
expansion.^® Extensive measurements on rubbers, plastics and low 
molecular materials have l)een carried out by several authors. Jenckel®* 
has measured the rate of volume change for the substances investigated 
by Tammann and his collaboratoi*s. The position of the transition 
fK)int varies of course with the rate of temperature change. By extend- 
ing the duration of the experiment from less than an hour, as done by 
Tammann and Kohlhaas, to five hours, the ti’ansition teinp<*ratur(* was 
reduced from 30® C. to 23° (\ 


The volume change under isobaric or isothermal condition, is t*xactl> 
analogous to the change* of strain discussed i)r(*viously. An instan- 
taneous part results from the change of the amplitude of thermal vibra- 
tions, just as in an ordinary crystal. Tliat is, the av(»rage volume occu- 
pied by a molecule is changed. This component is th(* analogue to 
ordinary clastic extension. Second, a reorientation takes place, in the 
course of which the mutual arrangement of the molecules as a whole and 
of their parts, if we are dealing with high polymers, is altt‘red. In other 
words, the distribution function of equilibrium positions in tht* system, 
which deacril)es the short range order existing in Ihpnds oi amorphous 


w Tammann, Q., it JtlUivbfttu. B. Ann cl. Pby«. B: 264. 1640 ^ _ 

»*Ta»nn>fili, Q., B KohlhMt, A. Zeit. (. anorg. u allgij hen 111:40. 1040. Jtnokft, B.. ii 
ubirrtltOT, K. Zeit. physikal. Chem AIM: 301 1038, ubMTOltcr, X Zeit phymkal ('hrni 

BM: 801. 1040, BM: T67. 1040; Witoy. T- Ind. Eng Chem. 84. 1054. 1042. 

^JonolMl, B. Zeit Elektrochem. 48: 706 1037 
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solids, passes to a new equilibrium value over an energy barrier which) 
together with the temperature, detenpines the time necessary for the 
accomplishment of this process. 

These reactions to changes in the different variables of state are 
related to each other, because of the similarity in the molecular mechan- 
isms. Table 3, pre^sented in part by Tuckett,** shows that the transition 


Tabuc 3 

Comparison of Transition Temperatures for Elastic Modulus and Thermal 

Expansion 


Polymer 


Tv 


Approx. Range over 
which High Elasticity 
Develops 


Tn vulcanized rubber 
Polyisobutene 
Polystyrene 
Poly metha cry late 


-66® C. 
- 66 ® (‘. 
+80® C. 
+60-+124® C. 


-60 — 70® C. 
-60 — 70® C. 
+ 70-+90®C 
+70-+110® C. 


temiXTature 7/ for the thermal expansion actually lies within the range 
Te over which the transition from crystal-like to high elasticity develops. 
The introduction of cross links or of plasticizer*® changes 7/ in a similar 
fashion as T,. No pressure- volume data on high polymc^rs havi^ come 
to the author’s attention, but one can expect an analogous situation to 
prevail, as indicated by Tammann’s work. 

The relation between the relaxation of shearing stress or of shearing 
deformation and of pressure or relative volume change can be obtained 
approximately from the well-known equation connecting tensor of stress 
and tensor of deformation rate in a viscous liquid. In a compressible 
fluid we have for the mean normal stress p acting on a surface element: 

p == Ml div w - p., 

where p, denotes the hydrostatic pressure and v the velocity vector, mi 
is the volume viscosity which measures the stress set up if the specimen 
is uniformly compressed at a given rate.” For incompressible systems 
(that is, in the ordinary applications of hydrodynamics, where a single 
constant, the shearing viscosity, characterizes the medium) the diver- 
gence of V vanishes. The mean stress p is then simply equal to the 
hydrostatic pressure with the opposite* sign. Introducing the com- 
pressibility Xi, and remembering the physical signiflcance of the diver- 

a. Tr«M. P»rAd«y Soe. tt: 810. 1049. 

M liMAb, ■. '*Hyd^ya«Bica *' C«abridf«. 1089 
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gence as a relative volume change, we obtain the following expression 
relating pressure and volume variation: 


I BV dhV 

Ml *"■ • 

KiV dlV 


( 4 ) 


Superposition of a volume change connected with ^'crystal-like*' com- 
pressibility then leads to an equation analogous to equation (2') and to 
the same conclusions as for shear. At high temperatures or low com- 
pression frequencies a large value of the total equilibrium compressibility 
obtains and a discontinuity results below a certain transition tempera- 
ture.^* The characteristic time is determined by the product of volume 
viscosity mi and compressibility ki which will be practically equal to the 
equilibrium compressibility above the transition point. It is therefore 
possible to determine the volume viscosity by following the time depend- 
ence of volume upon pressure change. In view of the values obtained 
for the compressibilities of high polymers,*^ the volume viscosity pi will 
be larger in general than the shearing viscosity lyi. It would be very 
interesting to have accurate data on the absorption and velocity of 
propagation of sound waves in a frequency range, since such measure- 
ments would give a value for the volume viscosity.*® The' second 
order transition in the compressibility would of couise appear in these 
measurements. 

Similar considerations apply to the isobaric volume change. The 
previous role of viscosity is played in this case by an inverse heat con- 
ductivity which, however, does not bear any direct connection with th(‘ 
ordinary constant. A systematic investigation of all three rate phe- 
nomena on identical samples along the lines of Tammann and Jenckel 
is very desirable. An indication that the actual volume changes may 
not follow the simple exponential laws resulting from the assumption of 
two different molecular mechanisms is given in Jenckel's^^ work on 
selenium. It is found that a logarithmic plot of volume gives a straight 
line versus the square root of time instead of the time itself. It may Ik* 
noted that similar statements have appeared in the literature in regard 
to creep curves. On general thermodynamic grounds one will further- 
more expect a correlation between the second-order transition as observed 

*• See for robber hjrdrocarbone tbe •ummary of Woodi L. A. Proc. Rubber Tecbnologjr Cottference 
London 1988. P 988 . ^ . 

»aiMid9lstMn, L., * LmtowM, K. Joor Rnpt. end Theor. Phye. T: 488. 1987. XatftfcoTteh. 
M. Compt. rend. Aced Set. USSR tS: 788 1989 . 

** See in tbie conneeUon tbe intereetinf work of FMTjr. D. Jour, An Cbem. Soc. Mt 1888. 1880. 
1948. 
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for instance in various rubbers by Bekkedahl and collaborators^^ on 
the basis of heat capacity data, and the transitions discussed previously.” 

We may conclude these remarks by pointing out one particular limita- 
tion of the results presented here. Equation (2) can be valid only for 
systems in which no first-order phase change occurs in the course of the 
experiment; that is, crystallization processes must not appear on increase 
of deformation. It would not be difficult to arrive at a modification of 
the creep curve by making plausible assumptions al>out the* connection 
between actual deformation and degree of crystallinity as derived from 
X-ray data. However, there does not seem to be sufficient quantitative 
information available to induce such an approach. It should further- 
more bo possible to develop a theory that is free from such additional 
assumptions and gives both the I’elation between deformation and 
amount of crystallization and the creep curve as the resultant between 
rate of crystallization and rate of relaxation. In such a theory the 
results presented here and related ones would appear as limiting cases 
for vanishing rate of crystallization. 

» McktdAbl, X., * MftthMon, H. Jour. Rei . Natl. Bur. Staudardi IS ; 41 1 . 1 0S4. Bekkadahl, 
X., a Seott, m. B. Jour. Hot. Natl. Bur. Staodarda St: 87. 1842. 

*• Compare the work oo hydrocarbonf by Van Book, it SilTor, L. Jour. Chem Pbyi. 10: 686. 



THE RIGIDITIES OF SOLUTIONS OF POLYMERS 


By John D. Fkrby 

From the Department of Physical Chemistry, Harvard Medical School, Boston, Mass. 

INTRODUCTION 

Solutions of a linear polymer of high mol(*culai weight in a solvent 
with which it is miscible in all pioportions grade* unifoiTnly from viscous 
liquids through gelatinous or rubber-like consistencies to plastic solids. 
At moderately high concentrations in the liquid range, no rigidity can 
l>e observed in a static experiment. However, such solutions will sup- 
port bri(*f impulsive stresses or rapidly oscillating ‘stn'sses, revealing 
small but measurable rigidities. At higher concentrations, in the 
neighborhood of equal parts of polymer and solvent, static experim(*nts 
yield rigidities approaching those of rubber-like solids, and dynamic 
experiments give somewhat higher values still. Finally, as the concen- 
tration of polymer approaches 100 per cent, the static modulus of 
rigidity rises to a value characteristic of either a rubber-like solid 
(10® dyn cm*”*) or a hard solid (10'“~10^* dyn cm* ®), depending on the 
temperature and the magnitude of intermolecular foices between 
polymer chains. The d3mamic modulus of rigidity attains a valu(* 
characteristic of a hard solid in any case. In general, these transitions 
of viscous to rubbery and rubbery to solid properties are shifted to lower 
concentrations by decreasing the temperature, or by increasing the 
frequency in d3rnamic experiments. 

The number of polymeric solutions whose rigidities have been meas- 
ured is small, and no single system of polymer and solvent has yet been 
studied over the entire concentration range. After some remarks on 
theory and experimental methods, the existing data will l)e reviewed. 
Although incomplete, they permit some generalizations to be made. 

THEORY 

The modulus of rigidity, G, is defined* as ^ 

G « Wy ( 1 ) 

where QI is the shearing stress producing an angular deformation, oi 
strain, 7. 

^TlmOftlMllkO, 8. “Theory of ElMtinty.” MrGr«w«Hill Book Co New \ork, N. 10114. 
OokVi O., A FUon, L. N. O. “PhotoeUeticity.** Cambndflte University Press 1081 . 
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The appearance of rigidity in polymeric solutions is accompanied by 
several complicating phenomena: 

(a) Relaxation of stress at constant strain; 

( 5 ) Viscous flow at constant stress, in series with elastic deformation; 

(c) Delayed elastic recovery after cessation of viscous flow; 

(d) Variation of rigidity with frequency. 

These phenomena can be related by various theoretical models, two of 
which have lx»en described in the preceding paper by Simha.* The 
simplest model is the Maxwell concept* of viscous deformation in series 
with elastic deformation. From this the relaxation of stress at constant 
strain (a) is given as 


where t is a mechanical relaxation time, and the viscosity ( 6 ) is t; — Gt. 
A single Maxwell element cannot describe delayed elastic recovery (c). 
It does, however, describe the frequency variation of rigidity (d), as 
follows. 

The velocity of propagation of transverse vibrations in a medium 
whose relaxation time is long compared with the period of the vibrations 
is 

V = ((7/p)i/* (2) 

where p is the density. However, when the penod of vibrations is the 
same order of magnitude as the relaxation time, the rigidity increases 
with increasing frequency in this range. For a plane wave whose ampli- 
tude can be expressed as 7 = fQj. gjngle relaxation 

time, the dispersion of rigidity is given^** by 


GM _ VHu>) _ 2c^r* 

G^ {vy + «rvr+ «v ^ 

and the critical damping distance, xo, is related to the relaxation time by 
the formula 

r irxo/«X — X/4T«a;o, (4) 


where u> is the circular frequency and X the wave length. 

The utility of the Maxwell concept is much increased by representing 
the relaxation of stress by a series of exponential terms, each with its 
own contribution to rigidity and characteristic relaxation time.*' ^ Such 


, m. Abb. N. Y. Ac«d Sd. 44: m. 1448. 

‘,2.0. Phil. Tr»Bt. Roy. Iff: At. 1867, Phil (4) 88: 188. 1868. 
’ B. Bdtr. BBMw. GeophyMh 4: 4At. 1984 

lhar. AmwTchoiB. Soc. 84: 18t8. 1946. 

“ ‘ " " - - 

^^48:416. 1989 


•ftnyTOlt 88ar. Amor. Ohom. Soc. 84: 11 
•xSiSu W76 2* Ch«m.B4S:l. 1989 

7S^;^>.r*Bai|ir,V. Phydk.Z.1 
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a model can deacribe all four of the phenomena mentioned aliove, but its 
relation to molecular behavior is obscure. The utility of other models 
for the mechanical behavior of pol3rmeric solutions will be discussed 
below. 


EXPERIMENTAL METHODS 


Measurement of the rigidity of a solution of a polymer involves two 
difficulties. First, there is usually a large viscous displacement in series 
with the elastic displacement, and the two must be evaluated separately. 
Second, the measurement requires a finite time to carry out, and any 
contributions to the rigidity associated with relaxation times smaller than 
that interval will be lost. 

When the relaxation times are of the order of minutes or longer, a 
static experiment will suffice, and correction for viscous displacement can 
be made by extrapolating back from a state of steady flow or by measur- 
ing the recovery after removal of load. Materials too weak to support 
their own weight can be sheared between coaxial cylinders, the outer 
serving as a container.®* •• 

When relaxation times are less than a second, however, it is necessary 
to use either impulsive or alternating stresses with periods shorter than 
the relaxation times. For materials strong enough to support their 
own weight, vibrations can be produced mechanical^ or electrically and 
the relation between stress and displacement determined. This has 
been performed recently by Alexandrov and Lazurkin” and by Sack.'* 
The phase angle between stress and displacement can be measured, thus 
determining both elastic and viscous components. For weak materials, 
this is more difficult. In the apparatus of Kendall,'* th(* sample is sub- 
jected to a shearing impulse of very short duration (10“'^ sec.), and the 
resulting displacement and recovery follow'ed by rapid photographic re- 
cording. In the apparatus of Philippoff,'* the sample is contained in a 
cup and an electrically driven needle dips into it, vibrating in its own 
axis. From the driving force and the observed displacement, the vis- 
cosity is calculated as a function of frequency; from its dispersion, a 
relaxation time is determined, and the rigidity is taken as the ratio of the 
static viscosity to the relaxation time. For weak materials that are 
transparent and show strain double refraction, the propagation of trans- 
verse vibrations can be studied with an apparatus described by the 


*S«h^ 
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t. K^oid-S. if: 800. 
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author.** Measurement of the velocity of propagation yields the rigidity 
(equation 3) independent of any viscous displacement. It should be re- 
marked that the methods of impulsive and alternating stress usually give 
an adiabatic modulus.** 

By combining static and dynamic methods, especially over a range of 
frequencies, the contributions to the rigidity associated with various 
relaxation times can l)e segregated. 

Another means of determining a modulus of rigidity is from the de- 
pendence of viscosity on shearing stress in certain solutions. For poly- 
styrene in xylene,*^ the apparent viscosity i;' follows the equation 

V = uo/Cl + ti/Ga) (5)' 

The quantity Gaj which has the dimensions of a modulus of rigidity, is 
proportional to the concentration and can be interpreted as a contribu- 
tion to the modulus associated with long relaxation times.** 


RESULTS 


The systems which have thus far In^en studied include solutions of 
polybutene, polystyrene, polyvinyl chloride, and polymethyl metha- 
crylate. 


Polybutene 


An isolated determination by Kendall,*® using a shearing impulse of 
10“* sec, duration, gives the modulus of rigidity of a dilute solution of 
polybut(‘iu‘ in p.s<»udocumene as 10^ dyn cm“'-. The concentration is not 
given, but the molecular weight was 80,000 and the viscosity 16 poises, 
which probably corresi>ond8 to a concentration of several per cent. 

The propagation of transverse* vibrations in concentrated solutions of 
poly butene in heptane has been studied by the author.*® The average 
molecular w(»ight of the material was 385,000. There was no dispersion 
in the frecpiency range of 320 to 1 250 cycles. The modulus of rigidity in- 
creased with incr(»asing temperature, and was in fa(;t proportional to the 
absolute Uunpt'iatuix*.®® At 25® CX, it was 2.6 X 10^ dyn cm'® at a con- 


»F«n 7 , D. Htv. Sri. la»t. U: 70. 1041. 

Otttn, S. _ Private cpminunivation. 


»Wwnf, D. iour. Aner. Chein. Soc. M: ISSO. 10 lie. 

For omuLiions of lUrch in « mixture of Mraffin and rarbon tetrachloride (BaUohok. E.. Jk Jana. 

Kolloid'Z.M: 59. 19<5),FhUlppo^W.» (KoUoid>Z. 71: 1. 1935) demonstrated a aomewbat 
difierant rmtion. V 7 w(l •*/”•*)• Here, also, 0* is proportional to the concentration and 
intan^od m a modulus of riipdity. 

J. D. Unnublished work. 

••Tho variation with teprwrature suggests that this riaidity is due to strain oririitation entropy 
( K t llm , W. JColIoid'Z. 79; 258. 1986; 87; 3. 1989.^ However, this is probably fortuitous. The 

variation with concentration is evidence that this rigidity is due to intermolecular transfer of stress, 
as otplained ifll the next section. The temperature coefficient of such a rigidity, like that of the viscosity 
of polymer solutions <Alfr«y, T., Enrtonog, A,, A Mark, R. Jour. Amer. Chem. Soc. 84: 1557. 
1048) may be expected to be either positive or negative, and sensitive to the relative intermolecular 
forces of solvent and polymer. 
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centration of 13.4 per cent polymer, and 1.3 X 10* at 23.6 per cent. On 
the basis of these two values, the rigidity appears to vary with slightly 
less than the third power of the concentration. 

Polystyrene 

Solutions of polystyrene in xylene, in the concentration range of 
15-52 per cent, have been investigated by the author.** The average 
molecular weight of the maU'rial was 120,000. The modulus of rigidity 
was calculated from the dependence of viscosity upon shearing stress, 
from the elastic recovery following shear under constant load, and from 
the propagation of transverse vibrations. 

The modulus Gr« calculated from the anomalous viscosity (equation 5) 
was independent of temperature within experimental error. It was pro- 
portional to the weight fraction g up to over 30 per teent polymer, follow- 
ing the equation (/« = 1.1 X 10* gf dyn cm”®. At higher concentrations 
it lose more rapidly; at 52.3 per cent, it was 1.2 X 10*. 

The modulus calculated from elastic recovery, determined only for 
thc‘ 52.3 per cent solution, was 1.0 X 10* dyn cm”®, in good agreement 
with the above figure. The recovery process was not described by an 
exponential relation, but could be characterized by an average relaxation 



Fiqvrr 1. Mean recovery time o( A9.8 per cent solution of polyetyrene in xylene, plotted logaritk* 
nieally againit the reciprocal abaolute temperature 


time (at which (e — l)/c of the recovery w^as accomplished), which varied 
from 28 sec. at 30.5® to 98 sec. at 2.7®. The temperature variation of this 
lelaxation time (figure 1) followed the equation r = with 

Q = 9300 cal., a value close to that characterizing the temperature de- 
pt'ndence of the viscosity of this solution (10,700 cal.). 

The modulus calculated from the propagation of transverse vibrations 
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underwent dispersion at the Ibwer concentrations, and the high-frequency 
values (?® (equation 3) were determined by extrapolation. 

This dynamic modulus was connderably higher than the static modulus 
described above, and ranged (at 25®) from 0.75 X 10^ d 3 rn cm“* at a con- 
centration of 1 5 per cent polymer to 38 X 10^ at 52.3 per cent (figijiie 2) . 
Its dependence upon temperature followed the equation 0 *■ 
and the heat effect Q was 1500 cal., independent of concentration up to 
40 per cent (figure 3). 

The relaxation time was derived from the dispersion data at the lower 
concentrations (equation 3) and from measurements of damping at the 
higher concentrations (equation 4). It was found to be 4 X 10^ sec., 
independent of concentration and temperature, within experimental 
error. 

On the basis of a set of Maxwell elements, *• ’ these data can be inter- 
preted in terms of two rigidity mechanisms, setting (r® = Gi -f Gi and 

n OiTi -h If Oi be identified with the modulus calculated from 

anomalous viscosity and from elastic recovery, and 7% be identified with 
the relaxation time derived from studies of transverse vibrations, then 
(using values of the viscosity measured for these same solutions^ the 
remaining quantities n and 0% are readily calculated (table 1). The 
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Fioubk 8 Rigtditiei of poly«tyrene*iylene folutloiiB, plotted logenthmically egeinit the rec'procel 
absolute temperature 1, 16 8 per cent. 2, 90 6 and 91 8 per cent. 8. 96 7 per cent. 4. 81 8 per cent. 
6, 86 0 per cent, 6, 49 6 per cent, 7, 49 9 per cent, R, 69 8 per cent 


modulus G% varies with the third power of the concentration, up to over 
30 per cent (figuke 4 ), and the time n (which must be considered the 
average of a rather wide distribution of relaxation times) is also strongly 
concentration dependent. 

Table 1 

Analysis of Rigiditt Mechanisms in Polysttbene-Xylene, at 25° C 


Concentration 
Polystyrene, 
per cent 

O'X lor* 

Oi X io-< 

Gt X lO-' 

7J 

T.X w 

Ti X 10* 

15 

0.75 

0.16 

0.50 

13.1 

KEH 

HI 

20 

1.66 

0.22 

1.44 

52.5 



25 

2.82 

0.28 

2.54 

200 


KSII 

30 

4.80 

0.38 

4.47 

660 


10.5 

35 

9.84 

0.80 

8.95 

2,000 

40 


52.8 

88 

1.2 

36.8 

116,000 

4.0 
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Cube of Cbncentration In g. 

Fiauii« 4 . Modului of rigidity of the tiecond mrchaniain (Ot) in polyatyrene-xyleiic aolutiona 
plotted againat the third power of the concentration. 


On the basis of these mechanisms, it is of interest to depict the varia- 
tion of rigidity over a wide frequency range. Using the values in table 
1, the logarithm of the rigidity (at 25®) is plotted against the logarithm of 
the frequency in figure 5. At the lower concentrations, the frequency 
range in which mechanism 1 operates without mechanism 2 is quite 
small. At 52.3 per cent polymer, however, it is a plateau which extends 
over several decades. It is only when this plateau reaches to frequencies 
of 1 sec."*^ and loss, of course, that obvious rubl^ry properties make their 
appearance. 



^FnilUUI 5. Mi>diiliu of rigidity, at 25*, of the «\»tciu po]> at.\ rcne>x.^ Icue, baaed on Ihi conaUnta 
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Logarithm of frequency 
in Cycles per Second 

FiatiKH. 0. Modulus of rigidity, at 85**, of the aystem poIystvrene>xylcne (at hematic) 


A Hchematic extension of figure 5 can be made drawing in curves 
for the pure polymer*^ and the solvent (figifre 0). The latter is based on 
th(* observation of Raman and Venkateswaran“ of ligid Ix'havior of 
liquid glycerol at a frequency of 10.*® Th«» critical fnHjuency for xylenf* 
may lx* expected to be higher.^"* Also, a purely hypothetical curve is 
drawn for the rigidity of a plastic with 70 per cent polystyrene. The 
inflection of this curve represents the well-known ‘^brittle point” of long- 
chain polymers, which is a transition*’ from a modulus charactf'ristic of 
a nibl^ery solid (10®-10^ dyn cm“^) to one characteristic of a hard solid 
( 1 0*®-10*2 dyn cm”*) . The interpretation of the two rigidity mechanisms 
in terras of molecular processes will be discussed lielow. 


Polyvinyl Chloride 


Solutions of polyvinyl chloride have benm studied in the range of 
40-100 per cent polymer. Davies, Miller and Busse** have reported 
measurements of the modulus of elasticity of polyvinyl chloride plasti- 
cized with (ricresyl phosphate, using an experimental time* of 5 second^ 


Calt uUted from Young's modulus as given by the msnufHrturrr, assuming l*oi»*r>n*«i ratio lo he 0 S 
C Vm * VonkatMWftTMi, C. B. Nature Itt: 108. 1080. 

**Oood«T«, C. W. Trans. laraday Soc. M. 348. 1080. 

MDftTiM, J. M., IfiUar, W.A., *BugM,W.V. Jour. Amer. Cbem. Soc. M. 861. 1041. 
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Their figures, expressed as the logarithm of the modulus of rigidity (in 
d 3 m cm~*), are given in table 2. Here Poisson^s ratio is assumed to be 
0.3 for the three highest concentrations, and elsewhere 0.6. 

Table 2* 

Modulus of Rtoronr of Polyvinyl Chlobidib-Tkicrbsyl Phosphate 


Per oent 


Log(? 


Polymer 

-10* 

32** 

70® 

40 

7.40 

6.63 

6.63 

60 

8.69 

7.09 

6.89 

60 

9.07 

7.40 

7.07 

70 

9.76 

8.59 

7.29 

80 


9.32 

7.61 

90 


9.47 

8.36 

100 


9.61 

9.35 


* Dais of Davies, Miller, and Busse. 

On a graph of the type of figure 6 , these points, oorre8i)onding to a 
frequency of 0.2 sec.-^ lie in the upper left comer. At the lower concen- 
trations, they doubtless represent plateaus at a rubbery level, like that 
hypothetically drawn for 70 per cent polystyrene. At the highest con- 
centrations, they represent the modulus of a hard solid, the critical fre- 
quency of the transition from rubbery to hard having shifted to much 
lower values. The influence of increasing temperature in shifting the 
transition to higher concentrations is apparent. 

Similar data of Busse reported by Fuoss,*® for polyvinyl chloride plas- 
ticized with diphenyl (figure 7), demonstrate the transition from a 
rubbery solid {G *= 10^ ® dyn cm~*) to a hard solid {G = 10* *). As be- 
fore, increasing the temperature shifts the transition to higher concentra- 
tions (lower concentrations of plasticizer). 

Polymethyl Methacrylate 

The mechanical behavior of plasticized polymethyl methacrylate was 
studied by Alexandrov and Lazurkin,^^ who investigated the effect of con- 
centration, temperature and frequency. No calculations of rigidity 
were made, but the plot of relative strain (figure 8) shows the familiar 
transition from rubbery to solid behavior. At 40®, the critical frequency 
lies somewhat below one cycle for a concentration of 70 per cent polymer, 
and far below this for the higher concentrations. From the temperature 
dependenoo of the critical frequency, the energies associated with the 

' E. M. Jour. Amr. ClMa. Soo. it: S78. 1»41. 
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FiauKK 7 Modulus of elutici^ of the system polyvinyl rhloride-diphenyl. plotted logarithmically 
against the temperature (FilOM. M., Jour. Amer. Chem. Soc., ttS. 878. 1041). The figures op- 

posite the curves refer to percentages of diphenyl. 



Figubk 8. Strain plotted against temperature for plasticised polymethyl methacrylate (i 

droT, A. F., A T. Acta Pnysicochimica USSR. II: 047. 1040); (a^ 70 per cent poly* 

mer; (b) 00 per cent polymer; (c) 100 per cent polymer. The figures opposite the curves refer to fre* 
quencies in cycles per second. 


relaxation process have been calculated* for each concentration and are 
quite large, e.g., 52 kcal. at a concentration of 70 per cent. The moduli 
of rigidity at 180® (in the rubbery range) are in the ratio 0.45 : 0.58 : 1 
for concentrations of 70 per cent, 90 per cent and 100 per cent polymer. 

DISCUSSION 

The concept of two mechanisms for support of shear as used for poly- 
styrene-xylene systems may be applied also to the other solutions except 
at very high concentrations. It is interesting to attempt to relate these 
mechanisms to molecular processes. 
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Tlie fii'st in a8SoeiaU*(l with a broad diHiribution of relaxation times. 
For experimental periods longer than these times, the solution is a 
liquid. Tlie average relaxation time varies markedly with concentration 
— from a small fraction of a s<*cond in dilute' solutions to minutes or hours 
in the range of equal j)art8 of polymer and solvent. The modulus of 
rigidity first increase's linearly with concent ration (in polystyrene-xylene) , 
then more rapidly. This mechanism is supix)st'd to In* the sanu' as that 
usually held lesponsible-** for rubl)er-like elasticity- namely, the orienta- 
tion entropy of long-chain moh'cules. Pbdaxation of stress hei(' may 
take place by movement of whole polymer chains or long s(*ginents of 
them, llie temperature de|)endence of elastic recovery is the same as 
that of the macroscopic viscosity; and probably viscous flow, (*lasti(‘ 
recovery, and stress relaxation of this first rigidity mechanism all involve 
the same kind of molecular motion. 

The second mechanism api)ears to b(‘ associated with a shaip lelaxa- 
tion time in dilute solut ions. In more concent rated solutions, the form of 
the dispersion function is not known. The relaxation time is independ- 
ent of concentration up to 50 per ^ent in polystyri'iie-xylene. It is ind(‘- 
pendent of temperature at lower concentrations. The modulus of 
rigidity first increases with the third power of concentration, then mon' 
rapidly. This mechanism is supposed to be the bending of carl)on-carbon 
bonds in molecules immobilized Ijotween ^‘points of entanglement,’^ 
where the long chains cross. Th(* numlK»r of these points should incre*as(' 
very rapidly at high concentrations, until a closely entangled structure is 
attained in the pure polymer. The relaxation process here may involve 
very short segments of chains, moving relatively freely between neigh- 
boring molecules. Such a segment, confined between two other chains 
but able to oscillate between them, would essentially move in a medium 
of low viscosity until it collid('d with one of its neighbors and form('d a 
lK>int of entanglement. 

As the concentration of ijolymer approaches 100 per cent, a third nu'ch- 
anism probably contributes to the rigidity — the intermolecular attrac- 
tions between neighboring polymer chains. These attractions no doubt 
play a greater role in polymers with polar groups, like polymethyl metha- 
crylate and cellulose esters, than in hydrocarbons like polybutene and 
polystyrene. Whether the modulus of rigidity of an undiluted polymer 
is determined primarily by attractive forces between chains or by bending 
of bonds ip mechanically enmeshed, closely tangled molecules, is not clear. 

« Ottth, 1.. * Mm4c. S. Monutsh. f Ur Chemie M: 9S. 19S4, Mark, H. Jour. Appl. Piiyi. IS: 
41. W. Kolloid’Z. Tt: im. iT: 8. 1989. 
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Representation of Mechanical Behavior by Models 

Combinations of spiings and dashpols have oftc'n l>een used to repre- 
sent the mechanical l^ehavior of systems posseshing both rigidity and vis- 
cosity. The utility of such a model depends on its ability to describe all 
of the four phenomena listed on page 314, and on the possibility of identi- 
fying its elements with actual molecular processes. 

A pair of Maxwell elements, as employed in interpreting the poly- 
styrene-xylenc system following Kuhn and Bennewit z and Hotger, cor- 
responds to two parall(‘l sets of a spring and dashpot in s(M-ies (figure 
9, A) . This model represimts viscous flow and f requ(‘ncy (hqxmdence with 
the values assigned to the constants shown in tlu' figure and in table 1, 
but it fails to describe the elastic recovery correctly. According to the 
model, since relaxes quickly and the re(‘overy consists in 6'i acting 
against the viscosity G 2 T 2 , the recoil tim(' should be G^r^/Gi^ which is 
0.012 sec. for 52.3 per cent polystyrene at 25°. The average time ob- 
sei ved is 38 sec. Furthcnnou*, this airangemimt of mechanical elements 
IS not reasonable in terms of the moleculai mecluimsms postulated. If 
one source of deformation is th(‘ uncoiling of randomly kinked molecult's 
and the other is bending of carbon-carbon bonds along the chains, these* 
two deformations certainly occur in series and not in parallel. A reason- 
able model must show the two rigidity elements, Gi and G 2 , in series 

The sc^cond model drawn (figure 9, B) fulfils this requirement. It 
corresponds to Simha’s^ equation (2), which is a modification of tin* 
equation of Alexandrov and Lazurkin,^^ the series viscosity having lx>en 
added to account for viscous flow. This model, applied to the poly- 
styrene data, represents not only viscous flow and frequency dependence 
but also the elastic I’ccovery. If is set equal to rj, the macroscopic 
viscosity, the average recoil time for 52.3 per cent polystyrene at 25° is 
rj/Gi = 9.7 sec., which is comparable with the observed time of 38 sec. 
Also, the fact that the temperature variations of the recoil time and of 
the macroscopic viscosity yield the same activation energy follows from 
this relationship. 

However, the model of figure 9, B does not explain disix^rsion of 
rigidity with a relaxation time (T2) of the order of sec. in the poly- 
styrene solutions. To account for this, a new mechanical element can 
be introduced, forming the model shown in figure 9, C. Here we have 
in series with the previous elements a dashpot whose viscous resistance 
is much smaller than 17 and is numerically equal to fr?r2. The displace- 
ment of the dashpot is limited by a mechanism, drawn as a chain in the 
diagram, so that the viscosity of the whole system has the low value Gztz 
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VtQVMM 9. Modeli for th« mechantcal behavior of polymeric aolutions’ (A), two Maxwell elements 
in parallel, (B), model for the equation of Simha (equation 8, reference 8), (C), model proposed to 
describe the system polystyrene*xylene. 


only for small deformations. For large deformations, the viscosity is ij. 
Thus the dispersion of rigidity at small deformations with a relaxation 
time t2 is accounted for, as well as viscous flow under constant stress, and 
elastic recoil, which is the same as in the previous model. 

In the model of figure 9, C, each element can be directly interpreted 
in terms of molecular behavior. The rigidity (r* is the resistance to 
bending of carbon-<carbon bonds in segments of molecular chains between 
points of entanglement where chains cross. The viscosity G2T2 is the 
resistance to motion of short-chain segments which are confined between 
other polymer molecules but with enough spacing to allow some rattling 
back and forth with comparatively little interference up to the point of 
collision with one of the neighboring chains. The point of collision 
(point of entanglement) is represented by the chain being stretched taut 
across (?2rs, and thereafter with continued extension the entire viscosity 
If is encountered. This represents the motion of entire molecules, or 
long segments of them, being dragged along by the points of entangle- 
ment. Finally, the rigidity Gi is that due to strain orientation entropy, 
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and it is reasonable to show this in parallel with the macroscopic viscosity 
if the orientation involves motion of entire molecules or long segments of 
them. 

Thus the model of figure 9, C is quite satisfactory for the existing 
data, but may require revision after further experiments — on the de- 
pendence of viscosity on amplitude, for example. As more complete 
data are accumulated for a variety of polymeric solutions, there will be 
many different ways of describing the mechanical properties by modeb 
or by anal 3 rtical expressions. The most useful descriptions will be 
those which can be identified with molecular processes. 

SUMMARY 

1. — The theory of the mechanical properties of, solutions of high 
polymers is dbcussed in terras of the simplest mechanical model, the 
Maxwell element. 

2. — Several methods of determining the rigidities of solutions of 
pol3mers are described. 

3. — The results of measurements of the rigidities of solutions of poly- 
butene, polystyrene, polyvinyl chloride, and polymethyl methacrylate 
are reviewed. 

4. — The mechanical properties of these systems arc discussed in terms 
of molecular behavior, with special reference to solutions of polystyrene 
in xylene. 

5. — A mechanical model b proposed which descrilies all the proj)erties 
of the polystyrene-xylene system, and consbts of elements which can be 
identified with molecular processes. 




INTERMOLECULAR FORCES AND CHAIN CON- 
FIGURATION IN LINEAR POLYMERS— THE 
EFFECT OF N-METHYLATION ON THE 
X-RAY STRUCTURES AND PROPER- 
TIES OF LINEAR POLYAMIDES 

By 

W. O. Baker and C. S. Fuller 
From the Bell Telephone LahorcUories, New York, N. Y, 

INTRODUCTION 

If linear polymer molecules are assumed to have ‘a relatively high^ 
fixed, average molecular weight, the properties of their solids depend 
primarily on two factors: the kind and extent of the molecular order or 
arrangement present, and the intemiolecular forces. The linear 
polyamides have been chosen as models to investigate these relations, 
and the general results apply to all chain polymers. 

The molecular order may approach that of crystalline pei*fection as 
it does in ramie and certain synthetic polyesters,* or it may rea(;h maxi- 
mum disorder as in unstretched, unfrozen natural rubber. In geneial, 
real polymeric compounds, unless they are completelj'^ disordered 
molecularly, consist of a dispemion of two or more kinds or degrees of 
order, 2 and tlu^se are associated with various chain configurations.® * 
With X-ray patterns as a criterion, it is convenient to distinguish regions 
which show: (1) crystalline onler in which the repeating units are 
arranged according to a lattice in thi-ee dimensions; (2) mesomorphic 
order in which the units are airanged parallel to the chain direction with 
corresponding groups opposite but are otherwise random or in which 
the units are simply arranged parallel to the chain direction ; and (3) no 
molecular order. In this case the repeating unit loses its significance and 
the order becomes atomic. Tliese regions may lx? termed amorphous. 

Certain subclasses of mesomorphic order exist for essentially linear 
polymers. One possible description of these follows: 

Type I. — Lateral disorder of chains of uniform composition (homo- 
chains). That is, the chains are composed of a single re^ieating unit. 
Their lateral disorder means that they are randomly rotated about thei) 
long axes, in the polymer solid. In addition, of course, they are pre- 
sumably kinked, but we are considering more local order, less affect<*d 

^Oarotlicni, W. K. "Coll«ct«<i P«p«r«.‘* loUrtcMocc Publlsheri. New York. 1040. Fullor, 
C.S. Chea. JUv. M: 145. 1540. 

* Qornfron. O., Borrmsnn, X., A Abita, W. Zeit. phyeikel Cbem. BIO: 571. 1550. 
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by gross orientation, than that of the meandering paths of long chains. 
Examples of this class include polyamides, ‘ cellulose triesters,’ poly* 
vinylidene chloride, polyethylene, etc. in the quenched state. 

iSrpE II. — Longitudinal disorder in chains of nonuniform composi- 
tion (heterochains). Here the chains may include repeating units of 
various lengths, so that equivalent chain sections, such as polar linkages, 
do not come together in adjacent, parallel chains. Evidently this order 
may also have superimposed on it type I above^ or type III below. 
Examples are copolyamides, copolyesters, copolysulfides and indeed 
most copolymers. However, many vinyl and diene copolymers have 
such large side groups that the effects of the type II disorder is obscured 
by extensive type III steric disorder. Also, chain inversion,* in which 
adjacent chain segments do not have the repeating units running in 
the same direction along the chains, might cause special longitudinal 
disorder. 

Type III. — Steric disorder from side groups in either homo- or 
heterochains. Chains made irregular in packing by side groups in- 
clude most vinyl polymers, such as pol3rvinyl chloride, polystyrene, 
etc. Here the side groups do not occur regularly or frequently enough 
(as contrasted to polyisobutylene, which is quite highly ordered when 
stretched) so that the combined main-chain and side-group packing is 
orderly. Also, vinyl copolymers as polyvinyl chloride acetate, syn- 
thetic rubbers such as Bunas, cellulose partial esters and mixed esters, 
natural proteins and many other chain polymers show this disorder. 

It is assumed always that the given order refers to the properties of 
the solid polymer under definite conditions, i.e., stretched rubbers or 
quenched polymers’* *•’ may have temporary degrees of order. 

The preceding three classes of order are not proposed to classify 
uniquely the organization in a given polymer solid. Rather, they are 
supposed to show the varieties of chain configurations and packing which 
must be considered in investigating a definite chemical composition. 

The N-methyl substituted polyamides discussed in this report possess 
chiefly type III disorder, which leads also to type I disorder. The 
methyl groups occur in the dipole layers of the solids and disorganize the 
forces in these regions. Other disorganization of these dipole layers 
has been found in the copolyamides.* In both cases hydrogen bonding 
is greatly reduced, in analogy to the substitution of cellulose to give 
esters, ethers, etc. Further, significant differences in configuration 
along the chains, apparently involving a twisting or bending, seem to 


Jour. Am. Clmm. Soc. M: 77«. 

* W. O., a Foliar, O. t. Joor. Am. Cbem. Soc. M: tS«9. IMS. 

• FoUar. O. S., Bakar, W. O., a Fapa, B. m. Jour. Am Chem. Soc. M: 8t7<. 
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occur as a result of this force weakening and becoming disordered.^ 
Since such twisting is suspected in the mechanism of high elasticity, 
direct evidence for it bears on the properties of rubbers. The highly 
substituted N-methyl polyamides indeed show rubberiness. X-ray 
diffraction has shown that various chain configurations in these com- 
pounds do exist as functions of external stress and degree of methylation 
(force weakening). Other physical properties, such as elastic modulus 
and moisture sorption, have also been measured and relat€‘d to the 
molecular structure. 


EXPERIMENTAL DATA 
Materials 

Polydecamethylene sebacamides in which the degree of N-methylation 
was varied from 0 to 55 mol per cent of the amide groups were employed. 
They were prepared from purified intermediates and were all of suffi- 
ciently high average molecular weight to allow ready drawing of fibers 
for X-ray examination. In the range up to 50 per cent methylation, 
usually the monosecondary diamine was employed to supply the methyl 
components. Above 50 per cent a random mixture of disecondary and 
monosecondary diamines was employed. No effect of the distribution 
of methyls among the primary amide groups was evident from these 
experiments. 

Samples were oriented from quenched* or partially quenched pol 3 aners, 
and were then annealed in an inert atmosphere for 2 hours at 20® to 
25® ± 0.5® C. below their melting points. This caused no discernible 
disorientation, but in all cases the expected improved crystallization. 
The samples were 23 to 25 mils thick when exposed, unless they were 
further stretched. In most cases they were annealed in a clamp to 
prevent shrinkage, and where noted they were further elongated after 
annealing, and thus exposed in a small clamp which was rigidly fastened 
on the X-ray collimator. The jaws of this clamp were movable so that 
the samples could be slowly and uniformly stretched. 

X-Ray Diagrams 

X-ray photographs of the fibers and unoriented sections were obtained 
as described previously.* A CA-6 G. E. tube supplied Cu K-radiation 
through beryllium windows. The K« was filtered with Ni foil to remove 
the K^. Salt dusted on the mono-filaments gave direct distance calibra- 
tion. The specimen-to-plate distance was commonly 6 cm. and cntical 
features were repeatedly checked. Fibers were frequently irradiated in 
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positions 90^ apart about the fiber axis, to establish uniaxial orientation. 
The doubly-oriented (biaxial) samples were produced by drawing and 
rolling of filaments. 

Elastic Modulus 

Methods previously discussed^ were used to obtain Young^s modulus, 
E, from the penetration of a quartz spherical section into a plane panel 
of the polymer. However, some of the 10-10 (the numbers refer to the 
carbon atoms in the acid and diamine chains) N-CHj polyamides were 
so soft that even light loads caused a slight permanent deformation; 
hence, some of the values quoted reflect a plastic as well as elastic 
behavior. The polymer panels were dried before test, and average 
values from triplicate readings are reported. 

Moisture Sorption 

The water sorption was determined on flat sections 3 X 2 X 0.051 cm. 
Equilibrium was checked by repeated weighings after exposure at 
26.0® C. to saturated ammonium sulfate (81% RH) and immersion in 
water (100% RH). The sorption is reported as weight per cent of the 
dried (phosphorous pentoxide) sample. Humidified samples were 
dried and re-equilibrated, and only a very small hysteresis was found. 

RESULTS AND DISCUSSION 

The effects of polar coordination and disorder on mechanical proper- 
ties of solid polymers already have been examined.^ Figure 2 illus- 
trates the sevenfold change in stiffness which was introduced in the 
polydecamethylene sebacamide series by substitution of various (molar) 
proportions of methyl groups for hydrogen atoms in the diamine. The 
structure for a typical composition is shown in figure 1. This wide 
range in properties in this case apparently is chiefly the result of a sharp 
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AVERAGE UNIT OF 

50% N- METHYLATED lOHO POLYAMIDE 


Fiooaa 1. Strurtural formula of an avorafo unit of polydoea methylene eebacamide with 60 mol per 
wnt of N-methylation. 
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reduction in intermolecular forces. Methylation rem9ve8 hydrogen 
bonding and reduces dipole attraction sterically, much as do larger acyl 
radicals in cellulose esters.’ Thus, while the unmethylated polyamide is 
hard, high melting and somewhat brittle, the higher ranges of methyla- 
tion are soft and rubbery. If reduced molecular interaction causes this 
transition in mechanical properties, the melting points should follow 
the decline of elastic modulus in the series. This is shown in figure 3, 
where the relation is approximately linear. 

The elastic modulus, whose values appear in table 1 , approximates 
an exponential function of composition, of the form E = where 

A and B are constants, and c is the mole fraction of N-methylated 
groups. 


Table 1 


10-10 Polyamide 
N^Md^Or 
tfon 

E X 10’» 
{dynes/cm*) 

Water Sorption 

81% RH 100% RH 

0 

1 33 

1.6 

2.0 

3.5 

1.30 

1.6 

2.2 

6 

1.22 

1.6 

2.1 

8 

1.10 

1.6 

2.1 

10 

1.00 

1.6 

2.1 

12 

0.94 

1.7 

23 

21 

0.73 

1.7 


36 

0.45 

2.0 

2.6 

55 

0.22 

2.4 

3.1 


> Van Slyka. 


Small polar molecules can be sorbed on polar linkages which are not 
strongly associated. Thus, the moisture sorption of the polyamides 
would be expected to rise with increasing methylation, as shown in 
FIGURE 4 and table 1. This is another indication of reduced inter- 
molecular forces in the solids. It is interesting that the moisture sorp- 
tion increases by about 50 per cent of its original value when about half 
of the -NH- groups are methylated. Unlike the copolyamides,^ water 
take-up is here uncomplicated by changes in polar group concentration. 
In all cases, however, it can serve as a measure of the organization in the 
dipole layers. The hydrogen bonds of perfectly ordered, associated 
-COJMH- groups are apparently seldom split by water at 25® C.; for 
example, in films, the self-bonded linkages are about 640 cal./mole more 
stable than those bonded to water.* While moisture may be sorbed in 
the dipole fields of self-bonded linkages, it will be expected chiefly to 
seek amid<^groups uncoordinated because of chain disorder or of N-meth- 
• ai^midtr, a. a. Ptm. Roy. Soc. AITO; 470. IMt. 
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Figukii 4 The water aorption at B1 and 100 per cent relative humidity, respectively, of N«methrl 
•ubstituted polydecamethylene aebacamidee. 


ylation. Similar effeotb ocrui in paitially subHtituted cellulose and 
proteins. There remains, of course, the further factor that among 
comparable hydrophilic materials, softer substances always absorb more 
water than harder ones. This must l^e considered in interpreting 
sorption results. 

Although unsubstituted, hydrocarbon-chain, polyamides are soluble 
only in strong hydrogen-bonding solvents such as cresol, the redaction in 
interchain forces discussed above should increase Uve solubility in a 
given series. Thus, while 40 per cent ethanol -60 per cent chloroform 
(by volume) only penetrates the usual polyamides, such a mixture 
swells the lower ranges of methylation, and dissolves the higher . Figure 
5 illustrates this solvation, since it indicates the amount of extraction 
(of low species) from comparable samples in contact with this solvent 
at 25® C. 

The chemical measurements therefore agree with the mechanical 
studies in implying intermolecular forces weakened by substitution. 
The elastic modulus values show, for example, that the polymer chains 
(in segments) may be displaced from potential minima more easily the 
higher the substitution, or lower the effective polar group association.* 
The question occurs of whether such displSfCements can cause significant 
variation in inter- or intra-chain configurations. This is one of the 
primary problemo in the theories of rubberiness. Since, as noted above, 
much rubberiness appears in the disordered polyamides, their structures 
3deid information from X-ray diffraction on the behavior of chain 
molecules under stress. 
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N-METHYLATlON IN PER CENT 

FiavBB 5. Th« reUtivr lolubilitif* in ethanol'chloroform mixture of polydiiperie aamplei of 
N«methyUted polydecsmctbylene ■ebncamideB of comparable molecular weigbU. 


Inter>Chain Spacings 

The equatorial or near-equatorial fiber features yielded in all cases 
of annealed fibers the characteristic* ® polyamide spacings of 3.76 and 
4.40 A. These are taken to represent lateral chain separations in the 
stable, crystalline chain configurations of polyamides whose dipole 
layers are oblique to the chain axes. When these fjame polyamides are 
quenched, there is metastable dipole association into planes that are 
perpendicular to the chain axes. Here the single equatorial spacing is 
about 4.18 A, suggestive of hydrocarbon chain packing. This same 
spacing is found in certain polyamides (as from base units containing 
odd-numbered chains, such as 9-9), whose chains assemble perpendicular 
to the dipole layers even in the most crystallized state. These varia- 
tions are found throughout the N-methyl polyamides, but the methyl 
side groups do not appear to alter directly the lateral separation of the 
chains. They do diffuse some of the equatorial features at the higher 
degrees ol xx^ethylation. Since main chain axes do not approach much 
closer than 4.7 A, there is evidently room for a methyl group of bond 
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radius 1.47/2 A and kinetic theory radius 2 k. Thus, while the amido 
hydrogen projects from the N for a bond distance of 1.0 and a probable 
kinetic theory distance of 1.1 A beyond that, for a total of 2.1 A, the 
methyl group probably projects 3.5 A from the N. To its lack of a 
bonding hydrogen there is thus added, for the N-methylated linkage, 
a steric hindrance which may lead to chain repulsion. Hence, it is 
interesting that in the present series the prime' effect of a lateral sub- 
stituent is to change not the side spacings but the long spacings of the 
chains. These long spacings have previously been found for many of 
the simple polyamides^ to be leas than the calculated values. For 
instance, polydecamethylene sc'bacamidc generally exhibits an identity 
period, I, of 25.6 A; the expected value for an extended zigzag chain is 
27.5 A. Further, for the following methylated polyamides, and various 
others not discussed, I values can l)e reduced by 26.5 per cent of the 
calculated values. 

Relation of Mechanical Treatment to Fine Structure 

Plate 1,A is for the lowest per cent of N-m(‘thylation, 3.5. This 
pattern is typical of polyamide fil>erh. The quenched polymer was cold- 
drawn, fixed in a clamp, and annealed for 2 hours at 170® C. in an inert 
atmosphere. Plate 1,B is the strikingly altered diagram obtained from 
a portion of the same fiber annealed under like conditions without a 
clamp. The normal shrinkage*^ of the fiber has l)een attended by a 
change in structure. The identity period spacing has decreased from 
25.8 A for the clamped specimen to about 20 2 A for the retracted form. 
The outer equatorial spots of 1,A have split in 1,B, and the resolved 
layer-line features have coalesced into intense meridian reflections. The 
phenomenon is the same in all of the substituted polyamides and reflated 
substances in which it is observed. Table 2 compares typical obat*rved 
features of the patterns for the 3.5 per cent methylab'd fibers. 

Since the final crystalline forms of Plate 1,A (extended) and 1,B 
(retracted) resulted from different mechanical treatments of the original 
oriented but highly disordered (quenched) fiber, the latter must contain 
molecular configurations capable of crystalhzing in the solid state in 
different forms. Plate 1,C is a typical quenched fiber pattern,*^ in this 
case for 9.9 mole per cent N-methylation. The long chains are approxi- 
mately parallel to the fiber axis and are randomly rotated about their 
long axes; their dipole planes are nearly normal to the axis and in these 
planes the polar linkages are strongly associated. The single equatorial 
siK)t of Plate 1,C corresponds to about 4.18 A; the principal meridian 
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Tabub 2 


Specimen — 3.5% methylation 
Fiber clamped during annealing 


Fiber free during annealing 


Reflection 


Inter-Planar 
Spacing, A 


A, 

4.4 

A, 

8.8 

II. 

25.8 

II, 

25.9 

A, 

4.5 

Id 

20.2 

II. 

20.3 

III. 

19.8 

IV. 

19.8 

Illl 

20.1 


feature, IIo, to 24.8 A. This distance is thus between the extended and 
retracted values. The usual behavior on annealing polyamides with 
relatively high polar group concentration and thus high interaction, such 
as polyhexamethylenc adipamide and polyhoxamcthylene scbacamide is 
like the clamped behavior of the less strongly associated polymers. 
Thus, Plate 1,C would be transformed to Plate 1,A. It now appears 
that this transformation of the substituted polyamides unclamped can 
be effected by annealing at low temperatures. The freedom of the 
molecules in the solid is then insufficient for formation of the retracted 
state. Plate 1,D is from annealing at 150*^ C. for two hours a 5.7 per 
cent methylated sample, unclamped. While the outer equatorial spots 
show a definite elongation tending toward the retracted forms, the 
identity period from IIi layer lines is 23.6 and from the IIo meridian 
spots, 25.8. Both are well above the retracted value of 20.2, but mixed 
forms are also indicated. However, a form of molecular clamping has 
been seemingly introduced by the lower temperature crystallization. 

It will be shown below that the retracted spacings can always be 
transformed into extended by some sort of stretching. In the experi- 
ment above, can the apparently stable ‘‘intermediate” form repre- 
sented by Plate 1,D be similarly infiuenced? Plate 1,E is the sample 
of 1,D stretched 130 per cent at room temperature. The II© features 
now represent an I value of 26.4 A; the equatorial spacings are unchanged 
and the arcing of the outer spots has b^n narrowed. It now appears 
that the process of apparent chain elongation (to give a value only 4 per 
cent rather than 26.5 per cent shorter than the calculated) has drawn 
the formerly tilted (Plate 1,D) dipole layers into a position approxi- 
mately normal to the chain axes. This is not a low energy arrange- 
m^t,^ and t herefore the fiber has to be photographed under stress. 

W.O., aXBetr, W. a. Jour Am. Gh«m. Soe. M: tl71. IMt. 
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But this experiment emphasizes further* that extended forms having the 
calculated planar chain spacing value are not stable, for these compounds. 

Although the oriented state has so far been considered, the occurrence 
of the retraction phenomenon is not limited by this condition. Plate 
1,F is a typical diagram from an unoriented quenched section. The 
ring corresponding to the identity period has a d value of 24.3 A. When 
such a sample is annealed (for instance, a 9.9 per cent N-methylated 
specimen), the pattern of 1,G results, and here the spacing along the 
chain from ring d values is 21 ,3 A. The same figures were obtained from 
the Debye-Scherrer rings of samples allowed to crystallize very slowly 
from the melt as illustrated by plate 1,H. Such spacings correspond 
to a 22.5 per cent shortening of the calculated period. Thus, retracted 
chain forms^* occur spontaneously in the formation of a random mass of 
crystallites. These forms presumably represent the lowest free energy 
and resemble the conditions assumed for unstretched rubber. 

Effect of Stretching 

Since the crystallization of disordered polyamide chains may be 
diverted into the extended form by clamping or low temperature anneal- 
ing, the question occurs of whether the retracted form can be converted 
by stress alone. Certain effects of stretching polyester fibers have 
been noted* which resemble those found here, and p? obably have similar 
causes. Figure 6 illustrates the change in fiber period caused by 
stretching and exposing in a clamp an annealed, essentially retracted, 
fiber of 9.9 per cent N-methylation. The sample exhibited rubbery 



CLONCATION or 0 9% N-CH^ FlBCR IN CCS CCNT 

Fioou e. CiutBg« in identity period, I, ceueed by etretcluBf fiber of 9.9 per cent N*CH» poiv 
wnoMthylene eebecenide. 


Vft^Bie eeidence for chain retraction aUo occurs in pattema from dried nuade fibers: see 
i-^*«^«-*** J* »• Cbini. AcU, «•«. 194*. 

• Fullor, O. B., ProMh, O. J., * Pope, «. a. Jour. Am. Cbem. 80 c. M: 154 1949. 
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behavior throughout this range, and in so far as identity periods reflect 
distances along a given molecule, figube 6 offers direct evidence of chain 
lengthening with sample stretch. If rubbers had polar groups which 
would associate strongly enough to form similarly ordered layers in the 
retracted state, such changes should likewise be evident in their diagrams. 

Plates 2, A,B and C show the X-ray patterns of the retracted, 25 per 
cent and 75 per cent stretched fibers, respectively, of 9.9 per cent meth- 
ylated polymer. The sample for 2,A was not annealed to the complete 
retraction, hence the equatorial splitting is not well resolved. In 2,B 
the III layer lines are evident, while in 2,C they have been coalesced 
again into the meridian. The extended value of I =* 25.1 A from 2,C is, 
of course, considerably less than the theoretical. However, plate 2,D 
represents the effect of severe stress on even more weakly interacting 
chains — those with 22.5 per cent methylation. In this pattern, the 
IIo features have d values of 26.4 A, and the vestiges of the IIi, of 27.1. 
These approach the fully extended value of 27.5, which might even be 
attained with further stretching, but which is, we emphasize again, an 
unstable configuration. For instance, the unstretched period of this 
sample was 20.5 A. 

So far, any explanation of the retraction phenomenon would appear 
related to two factors: the relative proportion of polar to paraffinic 
matter in the chains, and the strength of interaction in the polar planes. 
If the chain identity period shortening is from twisting of chain sections 
about l)onds neai the polar links, and if such twisting is induced by 
differences in the preferred packing of the polar and paraffin jx)rtion8, 
then weakening of the })olar interaction should eventually i educe the 
observed retraction. This condition apparently occurs when about a 
third of the amide hydrogens are substituted, in the series studied. For 
while 22.5 per cent N-methylation readily yields retracted forms of 
I -= 20.5 A, the 35.6 per cent substituted members give I values of 
25.3 A or more after the usual treatment foi letraction. The extensive 
amorphous portions of the 35.6 per cent polymers confer considerable 
rubberiness on the samples; the pronounced chain retraction is simply 
absent from the more ordei’ed regions. Plate 2,E is the pattern result- 
ing when an oriented filament of 35.6 per cent N-methylation is annealed 
without tension. For this, and several check samples, I = 23.3 A. 
The appearance of meridian spots is partly because of double orientation 
introduced by stretching ribbons of these soft polymers. Thus, the 
2,E pattern is not uniaxial, whereas that of 2,F was established to be so. 

2,F is the pattern obtained after annealing in a clamp, even when 
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the fiber is unstressed during exposure. Again, I approaches 25.0 A, 
and this pattern further illustrates a stable, extended form. 

The 54.7 per cent N-methylated polymers show most plainly m this 
series the rubbery properties of the solids, both mechanically and in 
diffraction effects. The patterns likewise emphasize th(» ext<»nsive 
lateral disorder caused when about half of the polar linkages in the 
dipole layers contain methyl groups. Plate 2,G was from a sample 
annealed while clamped, which showed a comparatively high degree of 
orientation in the stretched (‘ondition, but the arcing of 2,G when it was 
allowed to relax. Acccunpaiiying this relaxation is a certain retraction 
of the identity period, since I = 23.2 A from the IIo feature of 2,G. 
This retraction, however, is not to Ixi considered an equilibrium figure, 
unlike the retractetl values of 20.5 A. When the sample was stretched 
200 per cent and clamped during exposure, the sharp<‘ning of plate 2,H 
occurred, and the poorly resolved layer-lines correspond to I = 25.2 A. 
Subsequent removal of tcaision (at room temperature) caused the dis- 
orientation of PLATE 2,1. I has returned to 23.2 for the IIo features, and, 
of course, the whole sample shortened. Apparently hert* more than in 
any previous meml>ei of the series, crystallites or ordered regions ar(* 
orienting and disorienting duiiiig the easily reveisible rubbery manipula- 
tion of the polymer. Correspondingly, and similarly to the phenomenon 
illustrated in plate 2,A,B and C\ the sample of 2,(» was photographed 
(not shown) aftei 100 per cent elongation, and here I = 24.0 A, iiitei- 
mediate between the 0 and 200 pei cent values. The system thus 
shows a revealing sensitivity to .stiess. Tlu* oideied legions orient and 
spacings within these regions are expanded, presumably by moleculai 
elongation. 

The lateral disorder in the dipole layeis which has b<*t*n predominant 
m all of the effects thus far discussed may lie n*viewefl in the patterns 
of plate 3,A,B,C,D and E. These are stnctly comparable exposures of 
unoriented sections of compositions 3.5, 9.9, 22.2, 35.6 and 54.7 pei cent 
N-methylation, respectively. Each sample was solidified ncai its melt- 
ing point, and represents the highest ordei characteristic of the com- 
pound. The striking effect of the lateral disorder is deterioration of the 
3.76 A reflection, which apparently contributes only diffuse scatU‘iing 
in the 54.7 per cent substituted polymer. The 4.40 A spacing features 
remain relatively sharp with increasing N-methylation. So do the inner 
rings on plate 3 that correspond to dipole layei siqiaiations along tht 
chains. This is expected since the imperfections are primarily in them* 
layers, and not between them. However, the dissimilar behavior of the 



342 


ANSAL8 NEW YORK ACADEMY OF SCIENCES 


two principal side spacings leads to brief consideration of possible causes 
of the retraction phenomenon itself. 


Retraction Mechanism 


Since disorder and intermolecular force weakening in the dipole layers 
operate in the retraction, we look first for unusual behavior of side- 
spacing features on the X-ray diagrams. First, the 3.7 A spacing char- 
acteristically splits on the equator and forms layer-line arcs in the 
retracted forms, as seen in previous figures. Secondly, this same 
feature deteriorates into diffuse scattering at high degrees of methylation. 
The other principal side spacing, 4.4 A, remains intense and virtually 
unchanged in position through all phases of the extension and retraction. 
It is, indeed, well resolved in the rubbery sample of 54.7 per cent N-meth- 
ylation (plate 3,E). Such sharpness differs from the scattering found 
when the entire chains are assumed to be randomly disposed about their 
long axes.*'* The 4.4 A spacing seems therefore to result from planes 
whose scattering components are relatively unaffected by disorder in the 
dipole layers and by the retraction phenomenon. This condition may 
be attributed to the hydrocarbon sections of the polyamide chains. 
It may be assumed that these sections tend always to pack like the chains 
in pure hydrocarbons, whose structures have been previously described.* 
Each hydrocarbon chain section has a polar group, the polymer linkage, 
at either end. Polar coordination of these groups (association of dipoles 
and formation of hydrogen bonds) apparently does not favor the paraffin 
packing. This is reasonable when one imagines the changes in the 
^^setting angle, which would occur if attracting polar groups 
were inserted in the chains shown end-on in figure 7. llie chains in 
the cell drawn would tend to twist at the polar groups. Some of the 
twisting tendency in the dipole layers could occur in the direction of the 
dotted arrows. There is thus a competition between the preferred 
positions of the paraffin portions and of the associated polar portions of 
the chains. Consequently, at each of the dipole layers there is a torque 
tending to skew portions of the chains from the preceding paraffin 
arrangements into the polar arrangements, and the result is a rotation 
about the freer bonds near the polar linkages so that, as seen normal to 
the fiber axis, the chains progress as illustrated in figure 8(a). Of 
course, there is doubtless less regularity and uniformity, and certainly 
less planarity than appear in the scheme of figure 8(a). 


•MSIkr.A. Proc. Roy. Soe. 110: 497. IMS. 

a SMMBb*. Xoit. Krwt. IM: 47. 

i, 0. W. Troaa. PorMoy Soe. M: 499. 1M9. 
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We may consider briefly the relative energies of the packing compe- 
tition. Muller ” has calculated from polarizability and susceptibility 
values the van der Waals attraction of parafi&n chains, which leads to ^ 
values of 0 or 90® for the minimum potential. However, when the repul- 
sion terms are also accounted for, the total potential follows the curve of 
nouRE 9, and the minimum is near the experimentally observed angle 



4 IN OCCSEES 

FiauiK 9. Potential energy of interaction of paraffin cliaini ai a function of their "letUng angle,” p. 


of ip ss 30°. Further, the average energy difference per mole of meth- 
ylene groups between the 30® and, say, 0® position, can be estimated as 
520 calories. This value may be multipled by the numl^er of methylene 
groups in a paraffin segment in so far as these segments can be regardt'd 
as relatively rigid. The energy of rotation around the CH 2 “CH 2 bond 
is apparently high‘s compared to that about such bonds as 

0 

11 

CH2-C"^ 


which occurs in the polymers. We may thus approximate the energy of 
position of the paraffin sections restraining them from occupying the 
orientation accompanying closest coordination of their polar ends. On 
the other hand, the coordination energy must be about 6000-8000 
calories per hydrogen bond,^-‘« (two chains). Therefore, a sufficiently 
high concentration of polar linkages along the chain should yield a 
structure well dominated by the polar coordination. This results in 
extended chain configurations as in figure 8(b). These have the 


M]|«tl«r. A. Proe. Roy. Soc. IMA: 694. 19S6. 
uMOItor^A. Proc. Roy. Soc.. ITSA: M7. 1941. 

i^SJitlakOirilqr, O. B., A F. Jour. Cbem. Phyi. i: is. 1988. Xl8ti*kowiky, O. B., A 

mi99,W. W. Jour. Chon. Pbys. •: 618. 1940. 
uShumMm, B. O., A Aston, J. O. Jour. Cbem. Phys. •: 486. 1088. 
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calculated length per repeating unit, and well resolved side spacings of 
3.70 and 4.40 A. Polyhexamethylene adipamide is an example of a 
highly polar structure, with an average of five methylene groups per 
linkage. When, however, nine methylene groups per linkage obtain, as 
in polydecamethylene scbacamide, the tendency for a compromise 
structure is strong, since the energy of position of the hydrocarbon seg- 
ments is about 4700 calories per mole. The ‘^normaF' pattern for high 
molecular weight or extended 10-10 is like that of plate 1,A, but plate 
3,F is the ^‘compromise,” further retracted, form obtained by annealing 
unclamped a medium molecular weight sample. (The influence of 
molecular weight in these phenomena is apparently its effect on the 
internal viscosity, which controls the ease of chain rearrangement.) 
Likewise, instead of increasing methylene group concentration, or in 
addition to it, the effect of polar coordination may be lessened by sub- 
stitution, and then the same results occur. In this case, however, 
apparently an extreme can be reached at which the compromise structure 
suflSciently satisfies the preferred hydrocarbon packing so that relatively 
little twisting and shortening occur, as noted in a previous section. In 
this condition, only one side spacing remains well defined, however, the 
4.4 A; the 3.7 A planes have apparently been disordered. Therefore, 
the chain configurations are actually diffeient from the initial case where 
extended chains resulted from dipole domination. This disordering is 
consistent with other behavior of poorly organized systems. For ex- 
ample, only one side spacing (4.18 A) appears when quenched samples of 
any polyamide chains an* studied. Further, the 3 7 A planes are those 
shifted off the equator when the retraction emters. The remaining 
4.4 A planes must be from layers in the plane of figure 8(a), while the 
3.8 A planes are at one or various angles to the plane of the paper. 
Hence, the whole behavior of the 3.7 A planes traces the course of the 
proposed compromise structure. 

Thus, the variations in the side-spacing featun^s on the model polymer 
X-ray diagrams can be related to a general mechanism for chain retrac- 
tion and extension. 


Force Reduction by Solvation 

The preceding ideas of chain packing suggest that weakening of polai 
interaction by solvation should produce similar configuration changes to 
those caused by substitution or dilution by methylene groups. The 
solvating agent cannot, of course, be allowed too greatly to disorder the 
fiber studied. Polyhexamethylene sebacamide, with seven methylene 
groups per polar linkage, ordinarily shows no trace of a retracted form. 
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When, however, an annealed fiber was exposed to cresol vapor in equilib> 
rium with the liquid at 120** C. for 12 minutes, the equatorial splitting 
of the 3.7 A spacing features and the deterioration of these planes 
appeared strikingly as in plate 3,G. (The untreated pattern closely 
resembles that of plate 1,A.) The changes throughout the pattern 
are just like thcjse introduced by N-methylation, and are dependent on 
the actual presence of the cresol. The identity period features from the 
solvated diagram give I = 17.0 A, a 24.1 per cent shortening of the 
theoretical period. A wide variety of hydrogen-bonding agents may be 
used to cause similar effects, in extent varying with the degree of solva- 
tion. Such behavior, incidentally, agrees with the view that specific 
polar groups in polymers can frequently be solvated without develop- 
ment of extensive disorder in other parts of the same chains. The 
cresol, like water, bonds at the polar linkages, and small molar amounts 
of it would, because of its molecular volume, disorder the polar planes. 
The mechanism of polar plasticizer action is thus illustrated in detail. 
The fact that such plasticizers can weaken the polar fprces without dis- 
rupting seriously the paraffin chain packing seems to result in desirable 
physical properties. One reason is that the paraffin sections of the chain 
are already plastic enough in the original polymer; the forces between 
them should not be weakened further. Rather, the polar group forces 
need modification, and this the polar plasticizer does. 

The changes in chain configuration resulting from substitution or 
solvation represent clear evidence for the importance of iniermolecular 
force reduction in permitting chain retraction associated with rubbery 
elasticity. 


Double Orientation 

In addition to the influence ct lengthwise fiber stress on chain con- 
figurations and crystallite strueture, the effect of rolling or otherwise 
compressing uniaxially oriented fibers can be studied. Such treatment 
results in double orientation, at least of the crystalline regions. The 
crystallite arrangement in this condition appears to be very similar 
among all of the even-membered polyamides. From specimens photo- 
graphed perpendicuhur to the plane of rolling, meridian spots and equa- 
torial features from the 4.40 A spacing appear. Sections photographed 
with the beam in the plane of rolling give only sharply resolved layer- 
lines and the strong equatorial spots correspond to the 3.70 A spacings. 
At ahoqt 44 degrees incidence of the beam to the plane of rolHng, the 
intensities of the two equatorial reflections are approximately equal. 

]Plate 3,H shows a typical biaxially oriented fiber diagram taken with 
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the beam perpendicular to the plane rolling, whereas platb 3,1 is one 
with the beam parallel. The sample of these patterns was in the 
extended form. The crystallites are apparently forced down by the 
rolling so that the identity period planes (basal planes of the cells) give 
only meridian reflections when the 3.70 k planes lie in the plane of 
rolling (or at nonreflecting angles thereto) and the Ix^am is normal to 
this plane. In this direction the beam may be imagined to travel along 
the Z axis and strike (OYZ) planes, whereas when the beam is parallel 
to the plane of rolling, it travels along the Y axis to strike, figuratively 
speaking, planes just displaced by the glancing angle from the (XOZ) 
plane, and layer-line reflections are thereby produced. 

Hi^er orientation of the retracted forms of the fibers would have 
yielded desirable information on their crystallite order. However, 
repeated experiments always indicated that the retracted form was 
largely transformed to the extended by the cold-working accompanying 
rolling or other necessary types of compression. It may be noted the 
physical properties such as elastic modulus discussed previously repre- 
sent chiefly the retracted form, and somewhat different values might be 
expected from the extended state. A comparison of the melting points 
of the two forms would be especially interesting, since the unstable 
extended form is presumably retained at melting temperatures only by 
tension. This is reminiscent of the melting range in stretched^ rubber, 
for which varying local tensions arc sometimes held 1 ♦'sponsible. 

Chain Packing in Copolyamides 

The extensive interchain force reduction attending the dipole layer 
disorder in copolyamides* might be expected to provide conditions 
for retracted chain forms. These were always found to somt' extent, 
although incipient retracted type patterns occurred only in a few 
instances, such as for the 50 per cent copolymer polyhexamethylene 
sebacamide-polydecamethylene adipamide (6-10:10-6), and others 
containing the often retracted 10-6 units. This poor definition of the 
retracted form in the copolyamides as contrasted to the N-substituted 
series agrees with the idea that not only polar force weakening but also 
the strong interaction of the hydrocarbon portions is required for exten- 
sive retraction. In other words, the copolyamides do not contain 
sufficient competition of the hydrocarbon chain and dipole packing 
forces. For in the copolyamides (especially in the middle percentages) 
a great proportion of the polar linkages are so displaced that they inter- 
fere with the orderly packing tendencies of the methylene chains, v hich 
might otherwise tend to twist into the shortened form. Copolymeriaa- 
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tion may thus be regarded' as more complex than substitution. In 
copolymers^ not only are the polar layers disorganiased, but also the 
packing of the chain sections between them is disrupted by occasional 
occurrence of groups and linkages which belong in the dipole regions. 
This difference is useful in analyzing the behavior of many pol 3 mier 8 , 
including numerous vinyl derivatives. Cellulose derivatives, on the 
other hand, are evidently capable in general of showing only the l>ehavior 
characteristic of substituted polymers. 

The chain disruption noted above, caused by the displaced linkages in 
copolyamides, may be illustrated in another way. The systematic 
relation of elastic modulus to melting point has been shown for the 8ul> 
stituted series, and a similar comparison has been discussed for the 
copolymers.* Comparison of the two general types shows a different 
result. For example, .the copolyamide from 66 per cent of 6~6 (poly- 
hexamethylene adipamide) and 33 per cent of lO-lO (polydecamethylene 
sebacamide) base components (reacted at random) melts at 174® C., 
9.9 per cent N-methylated 10-10 melts at 175® C. These values may be 
considered the same, and are at about the limiting values (convergence 
temperatures) for increase of melting point with chain length. The 
Young^s modulus of the copolyamide (1.2 X 10* dynes/cm*) is 20 per 
cent higher than that of the N-substituted polymer (1.0 X 10®) of the 
same melting point. This is to be expected, since the copolyamide 
actually contains a greater concentration of interacting polar groups, 
despite its disorder, than the substituted one and is thus harder. Tlie 
significant factor seems to be that the displacement of the polar groups 
so disturbs the chain packing that the copolymer, in spite of its higher 
polar group concentration, shows the same melting point as the sub- 
stituted compound. 

The authors wish to thank Dr. B. S. Biggs and Mr. W. S. Bishop for 
supplying the polyamides, and Messrs. N. R. Pape and J. H. Heiss, Jr., 
for considerable help in connection with the experimental work. They 
also wish to express their gratitude to the Editor of the Journal of the 
American Chemical Society for permission to use material previously 
submitted to the Journal. 


SUMMARY 

A series of 9 N-methylated polyamides, with methyl substitution 
varying in polydecamethylene sebacamide from 0 to 55 mol per cent, 
has been studied as a representative group of linear polymers showing 
physical « properties ranging from hard brittleness to rubberiness. 
Young’s modulus, moisture sorption and relative solubility were chosen 
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as properties representing the gross solids, while the corresponding fine 
structure was studied by X-ray diffraction from oriented and unoriented 
sections. 

The elastic modulus and hardness decrease rapidly with increasing 
N-methylation, as the hydrogen bonding and other polar forces decline. 
Relative solubility increases. Moisture sorption also increases, since 
the disorder introduced by the N-methylation leaves polar groups 
uncoordinated, and hence free to sorb water. This is in spite of the 
somewhat hydrophobic character of the methyl group, which replaces 
bonding hydrogen. 

The interchain spacings are not appreciably changed by the methyl 
substitution, but at higher amounts of substitution one of the principal 
spacings (3.76 k) becomes diffuse. However, the spacings between 
the dipole layers, related to the identity period along the chain, arc» mort* 
than 25 per cent shorter in the crystal form characteristic of the lower 
ranges of N-methylation than in the normal extended form. The chains 
appear to be retracted by partial folding along th(' fiber axis. This 
retracted form can be converted to an extended one by stretching in 
which the fiber period lengthens (as from 20.5 to 26.5 A) and the struc- 
ture changes also. This behavior is reminiscent of fibrous proteins, 
as are many other properties of these polymers. 

Similar retraction phenomena have been introduced in normally 
extended, unsubstituted polyamides by allowing plasticizers, such as 
cresol, to penetrate into the polar layers. The resulting structural 
changes demonstrate polar association of the plasticizer, often considered 
as a mechanism for plasticizer action. 

A possible explanation of chain twisting is that it results from a com- 
promise of the packing tendencies of the paraffin sections and polar 
sections of the chain. In general, it may reflect comiK*ting packing 
tendencies. 

The chain retraction and extension observed may be the first stages of 
rubbery elasticity. 
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EXPLANATION OF FIGURES 
Plate 1 

X-ray patterns (where oriented, with fiber axis vertical) of iV-methylated poly- 
decamethylene sebacamides. The number refers to the mol per cent of N-CHi 
groups. 

A. Extended form, 3.5 per cent. 

B. Retracted form, 3.6 per cent. 

C. Quenched fiber, 0.9 per cent. 

D. Low temperature annealing, 5.7 per cent. 

E. Sample of (D), stretched. 

F. Quenched, unoriented, 0.9 per cent. 

O. Sample oi (F), annealed in solid state. 

H. Cooled slowly from melt, unoriented, 0.0 per cent. 


Plate 2 

X-ray fiber patterns (axis vertical) of N-methylated polydecamethylene sebaoa- 
mides wowing effects of tension. 

A. Fiber of 0.9 per cent N-CH|, annealed two hours at 162° C., undamped. 

B. Sample of (A), stretched 25 per cent. 

C. Sample of (A), stretched 76 per cent. 

D. Fiber of 22.5 per cent N-CH*, stretched to maximum. 

E. Fiber of 36.6 per cent N-CHt, annealed, undamped. 

F. Sample of (£), annealed in clamp, expo^ undamped. 

G. Fiber of 54.7 per cent N-CHt, annealed in clamp, exposed undamped. 

H. Sample of (G), stretched 200 ^r cent, exposed clampkl 

I. Sample of (H), exposed undamped. 


Plate 3 

X-ray j^tterns of variously-ordered polyamides. 

A-£. Debye-Scherrer diagrams of dowly solidified samples showing maximum 
crystallinity (percentara of N-methylation shown): A, 3.6 per cent; B, 9.0 per cent; 
C, 22.2 per cent; D, 357 per cent; E, 64.7 per cent. 

F. Reta'acted form of low molecular weight unsubstituted polydecamethylene 
sebacamide. 

G. Creeol-treated fiber of polyhexamethylene sebacamide. 

H. BiaxiaUy-orieuted 9.0 per cent N-methylated polydecamethylene sebacamide, 
beam iMrpenaicular to plane of rolling. 

I. Biaxially-oriented sample with beam parallel to plane of rolling. 



EXPLANATION OF PLATES 

X-ray patterns of linear polymers, showing the effects on molecular structure 
produced by stretching, quenching, annealing and other types of treatment that 
modify interchain forces. 
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BAKER AND FULLER LINEAR POLYMERS 


SOME ASPECTS OF THE MECHANISM OF 
ADDITION POLYMERIZATION 


Bt Charles C. Price 

From tK$ Noy$i Chemical Laboraiory, Univerriiy of lUinoia, Urbana, lUtnoie 


INTRODUCTION 

It has long been recognized and is now generally accepted that, as a 
rule, the process of addition polymerization differs fundamentally irom 
condensation polymerization. The latter involves only types of reac- 
tions with which the chemist is quite familiar, with the important char- 
acteristic feature that the monomer molecules are so constructed that 
the condensation process is capable of indefinite repetition to build up 
a polymeric product. The reaction proceeds in a regular, stepwise 
manner, yielding material of steadily increasing degree of pol3mierization 
throughout the course of the reaction. 

This mode of formation contrasts sharply with that int’olved in 
typical addition polymerizations, which are chara^ terized by the fact 
that the pol3mer molecules first formed are essentially the same size 
as the rest. In other words, the polymer molecules do not grow grad- 
ually, but each polymer molecule grows rapidly to a certain size and is 
then stabilized. This behavior, coupled with the susceptibility of these 
reactions to catalysis and inhibition, supports the suggestion that these 
reactions are chain reactions involving activation of the monomer 
(inUiatum) followed by rapid successive additions of monomer molecules 
to the active intermediate {propagation) until the activated polymer 
becomes stabilized {cessation) . 


A. Initiation 

B. Propagation 

C. Cessation 

In addition to the cessation reaction, leading to destruction of the 
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active center, indicated above by an asterisk, it has been suggested that 
under certain conditions the activity could be transferred to some other 
molecule, monomer, polymer or solvent.^ 

D. Chain Transfer 


This general outline for the course of addition polymerization has 
been very generally accepted. Major points of speculation and con- 
troversy, however, have been the specific nature of the activation, 
indicated above simply by an asterisk, and the manner in which this 
activation is accomplished. It seems apparent now that one source of 
confusion has been the fact that the activation may be accomplished in 
many different ways and may even be of a different character for poly- 
merizations carried out under different conditions or with different 
monomers. 


CHEMICAL EVIDENCE FOR FREE 
RADICAL ACTIVATION 


Staudinger* was one of the first to suggest that this activation might 
consist of a free radical. 


I I 


\ 

X 

/?ch,cAch,ch 


Such a process obviously will result in the formation of a polymeric 
product in which the monomer units will be joined by covalent bonds. 
This suggestion has been convincingly supported by the fact that a large 

*W%Ritf.T,9* Jour Am Chem. Soc. H: €41. 10S7. 

*StottalatW, ■. "Die hocbmolekuUren orgaaieehen Verbiadungeo.*' Julius Springer. Berlin. 
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variety of reactions which, on the basts of entirely independent evidence/ 
are believed to generate active free radicals (/?• above) have been shown 
to initiate many addition polymerizations. Some of these are indicated 
below.^* 


O () () 

/ /■ / 

«-C-0-0-G- R:^2KC - 0—*K+ C'Oj 

CN 

I 

(C,H5)jC - C(O,H0j^2(C,Hs),C’- 

I I 

CN CN 


CH; 


y hv /' 

,C-H->CHv 


•+ HC- 


hv 

Hg 

ilr-N = N-OII-»v1t-+Ns + HO 


- N = N - OCOCH,^ 


Ar- N 


COCH.L 

/ ) 


- Ar- + N, + CH,CO!— > CH,- + CO* 




Some of the most convincing evidence for decomposition of peroxides, 
diazohydroxides, and nitrosoacetanilides to generate active free radicals 
is the coupling principally in the para-position on reaction with benzene 
derivatives, regardless of the orienting in^uence of the substituent, and 
the reaction with carbon tetrachloride to form hexachloroethane.* 


*StT. M. H., a Wfttm. ▼. F. Ch«a. lUv. fl: !•». IWT. 

« S^Ull, a. V., * Wlttlf , O. Naturwin. tt; SIT, 466. 1880 
*SMiaUt, Q. ▼. Natttfimf. tf : 669. 1686. 

W. B. Prae. Roj. 8oe. (Undeii)AlU: 611. 1687. 
’Mtlvlll*, W.B. Trani. iMt. Rttbbw lad. II: 806. 1889 

• Friea, O. O. * Durham, D. A. Jaur. Km. Cbaai. Soc U: 8608 


1648. 
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0 0 O 

/ / / 

3,H,C - 0 - O - C - C,H. vA 2C,H,C - O- 

0 

/ 

C,H,C - O -♦ C,H,- + CO, 


(3.H.- + ^ 

(X = - H, - CH., - Cl,) 
(- NO,, - CO,CH,) 


H 



O 

C,H,C - 


O- 


/ 1 

C.H,d^- OH + C,H, - - A' 

C.Hf + CCU-^CeHsCl + CCl4- 


2CC1,- C,C1, 


The only logical and reasonable explanation for the lack of orienting 
influence in the substitution in aromatic compounds is that the entering 
radical is neutral and therefore not subject to orientation due to polariza- 
tion of the aromatic ring. The ease of free radical substitution in 
aromatic nitro compounds and quinones®*'® may \)e accounted for by 
increased resonance stability of the intermediate addition compound.^^ 
Propagation by reaction of such free radical fragments with the 
monomer would lead to polymer containing fragments from the catalyst 
as end groups. 

(/ECO,), ^=± 2/?CO, ft + CO, 
ft- -f CH, - CH ftCH,CH 


O 

/ 

RC-O -f- CH, = CH 


•RC - OCHjCH 


V u V., a Osfotd. A. I. Jour. Am. Chem. boc. M: tMO. l»4< 

, L. r., oim, m. 0., A DMidt, W. a. Jour. Am. Cbem. Soc. M. t05i. 1944 
0. O., A IHunMm, D. A. Jour. Am. Chrm. Soc. if:757 1048 
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We have prepared more than twenty samples of polystyrene and 
polymethyl methacrylate in the presence of anisoyl,** p-bromoben»oyl,** 
3,4,6-tribromobenasoyl,“andchloroacetylperoxide8‘*andp-bromoben«cne- 
diazohydroxide' and each sample has contained fragments from the 
peroxide. 

A similar observation has been made for catalysis by tetrachlorotetra- 
phenylsucdnonitrile.'^ Correlation of the analytical data with the 
molecular weigiit determinations has indicated an average of very close 
to one catal 3 rBt fragment per polymer molecule for the low molecular 
weight polymers investigated. A few examples follow. 

(BrCJl4CO,), 

COItCH = CHj -* BrC.H 4 (C»H,),s 

C.H, (80%) 

80“ 


Calculated: C, 87.14; H, 7.17; Br, 5.69; mol. wt., 1400. Found: C, 
86.96; H, 7.41; Br, 5.39, 5.72; mol. wt., 1600 (vise.).'* 

(Br,C,H,C 04 ), 


Cai,CH=CHs 


C,H, 

80“ 


>Br,C.H,(C,H.)„0, 


Calculated: C, 76.02; H, 6.13; Br, 14.87; mol. wt., 1600. Found: C, 
76.27; H, 6.15; Br, 14.40, 15.05; mol. wt., 1710, 188<i, 2390 (cryoscopic) ; 
1430 (vise.).** 

C,H5CH=CHj C1CH,(C,H,)« 

95 

Calculated: C, 91.55; H, 7.70; Cl, 0.75; mol. wt., 4730. Found: C, 
91.54; H, 7.63; Cl, 1.05; mol. wt., 5000 (vise.).'* 

CH, 

I (ClCH,COi). 

C - CH, ►ClCH,(C,H,0,),oO 

I dioxane 

CO,CH, 25“ 

Calculated: C, 69.65; H, 8.02; Cl, 0.439; mol. wt., 8076. Found: C, 
59.68; H, 8.38; Cl, 0.396; mol. wt., 8060 (vise.). 

BrC,H4N,OH, 

C,H.CH-CH, ^ 


► BrCJI.(C,H,), 70 H 


uMm. O. O..X«U.B. Jour. A«.Ch*m.8oc. W;iiM. 1042. 

Tour. Am. Ch«». 8oc. M7. 1»4«. 

mSm Mi^ B. Ann. N. Y. Acml. Sci.44: 104». ^ 

“Th« TMcoaMtric MtinMtM of moloculiur weifbi of were ovnlnn^ bjr^ 

m. A., A Mm, B. (Ind. Bnf. Chom. M: 1097. 1942) vnlue for the eowAnat in SUnAnfm • 
vivcoetV equeUon. This hei given veluef in rough ngreemont with our eryoMopic meMuromonte. 
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Calculated: C, 87.76; H, 7.31; Br, 4.11; mol. wt,, 1950. Found: C, 
87.77; H, 7.24; Br, 4.2; mol. wt., 2300 (visc.).^ 

For a few samples above, the absence of oxygen indicates that the 
fragments from the peroxide must have been almost exclusively alkyl 
radicals rather than the corresponding acyloxy radicals. The isolation 
of p-bromobenzoic acid from saponification of a sample of polyst 3 rrene 
prepared from p-bromobenzoyl peroxide is, however, convincing evi- 
dence that under some conditions the acyloxy radicals may also be pres- 
ent in considerable or even preponderant proportion.^® 


KINETIC EVIDENCE FOR FREE RADICAL PROPAGATION 


Several investigations of the rate of peroxide-catalyzed polymerization 
of styrene'^ and vinyl acetate^® using high concentrations of monomer 
have indicated a rather complex dependence of rate on monomer con- 
centration. The interpretation of these data, however, is complicated 
by the difficulty of the unknown effect of the changing solvent medium 
on the kinetics.*® The rates of the benzoyl peroxide-catalyzed poly- 
merization of vinyl W-phenylbutyrate and d-«-butyl a-chloroacrylate 
in dilute solution gave rates very accurately first-order with respect to 
the monomer,®® as well as half-order with respect to the catalyst.®* 

Investigation of peroxide-catalyzed polymerizations of styrene,*^ 
methyl methacrylate,®® d-s-butyl a-chloroacrylate®* and vinyl acetate*® 
have all clearly indicat(‘d a rate dependent on the square root of the 
catalyst concentration. On the basis of an initiation process first -ordei- 
with respect to the catalyst, this evidence has lx»en universally inter- 
preted as conclusive evidence for a cessation process second-order with 
respect to active centers. This offers substantiation for the free radical 
mechanism .since, in the absence of inhibitors, destruction of free radical 
activity can only occur by reaction of two active radicals. In other 
words, the activity of the free radical due to the odd electron can only be 
destroyed by pairing with the odd electron of a second radical. 

The data indicating the accuracy with which the benzoyl peroxide- 
catalyzed polymerization of d-s-butyl a-chloroacrylate follows kinetics 
first-order with respect to monomer and half-order with respect to 
catalyst** are summarized in the accompanying figures. These data can 
be readily interpreted on the basis of a first-order decomposition of 


Jour. Am. Cbem. Soc. < 
Zeit. phyiika]. Chem. ! 


: 548 . 1948 . 

:U6. 1988 . 


*• Bartlatt, F. O.. A Ooh«&, S. O. 

BpIluUl. O. V., a BlUMOMUUIt S. pujraiKM. v.110111. mmwi x«d. i voo. 

•.» a X«mMi9tc«fa, 1. AcU Pfayaicochim. USSR tt: 585. 1940. 

J. W. Zeit. Dhydkul. Chem. M: 101. 1989. 

** lI«rv«L 0. 8 .. Do J., a Cook*, H. O. Jour. Am. Chem. Soc. 81: 8499. 1940. 
n FriM« O. O., a Sett, m. W. Jour. Am. Chem. Soc. M: 9798. 1941. 

*Borriiiht E. O. W., a Erookmma, IB. F. Proc. Roy. Soc. (London) ITIA: 147. 1989. 
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1 2 3 4 5 

Time in hours 

Kkiukk 8. Rate of bentoyl peroxide^utalyied polyinerwatiou of (/-»-butyl o-chloroatrylatc at 44* C 


i 


(MJ(g./I00oc.) 

(fatKg/lOOct.) 

k' 

i;(-'A-'/|C'atJ‘'*> 

8.04 

11 44 

0.841 

0 104 

8.04 

7.50 

.400 

.101 

8.04 

7.50 

800 

lOl 

8.04 

5 04 

40H 

118 


0.104 ( 4. 4* , 



S P,CJtf]./CV3 


360 



f.CM3o [3/3* 



.79ft 

714 


[Ml(f./I00cc.) (CatKf /lOOec.) 


4(-*71C»tW«) 


2 


e 


719 

11.48 


11 49 


7.ftO 
7.ftO 
ft 18 


0 848 
891 
801 


0811 (±7%) 
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benzoyl peroxide to form the initiating active radicals, a second-order 
propagation by reaction of active radicals with monomer (M) and a 
second-order cessation by reaction of two active radicals. 

A. Initiation 

ka 

(CeHjCOOs-^ C6H5C0» + CeHft- + CO 2 

R. 


B. Propagation 


h h kb h 


C. Cessation 

1. AM, • + AM* • 4 AM. + AM* (or AM(,+*,A) 

ket 

2. RMn • -f R --4 RMnR 

3. 2CJI,CO. • ^ (C,H.CO,)j 

The rate of disappeaianco of monomer is represented by the expression 
— dlM]/dt =t khlRMg-] (Af], where x may vary from zero to n. If the 
rate constants of the reactions of the active radicals (h and kc) are 
large compared with the rate constant of their formation (ka)t a steady 
state with respect to the rate of formation and destruction of active 
centers in the system will be rapidly reached. 

dZRM^-ydt = itaCCat] = -dlRM,.ydt = frc[RAf*-? 

[RM..] = Vfa[Cat]A, 

Substitution of this value for the concentration of the active inter- 
mediates in the equation for the rate of disappearance of monomer gives 
the experimentally observed dependence of the rate on both monomer 
and catalyst concentrations. 

-d[M]/(R « A;'[Cat]l[Ar] 

It should be clearly recognized that, on the basis of this treatment, 
there is no ^^rate-controlling” step in the usual sense of this term. 
The rate constant for the over-all polymerization process (k' above) 
is a composite of the rate constants of all three steps in the process 
(A;' =» khkb^/kt^). Therefore, the effect of temperature on k' does not 
give directly an activation energy for any one step in the process. 

It should also be pointed out that, in the strict sense of the word, the 
peroxide is not a catalyst, since it is not regenerated at the end of the 
process ai^, in fact, fragments from it are chemically bound to the 
polymer. 
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Several reports of the kinetics of the decomposition of benzoyl peroxide 
have indicated that this reaction is actually a first-order process as 
indicated above.**- ^ However, during the benzoyl peroxide-catalyzed 
pol)anerization of vinyl acetate’* and of styrene’® and the 3,4,5-tribromo- 
benzoyl peroxide-catalyzed polymerization of styrene,’* the rate of 
disappearance of peroxide is increasi'd several fold.’ * A possible explana- 
tion may be that in thermal decomposition, only that portion of the 
decomposition which leads to an alkyl radical and carbon dioxide is 
measured since the acyloxy radicals may recombine to form the i>eroxidc. 
In the presence of a monomer which will react with the acyloxy as well 
as the alkyl radicals, reversion to peroxide will be inhibited and the 
over-all rate of disappearance of peroxiile will be increased. 

Further evidence for the second-order cessation reaction may be 
derived from the fact that the degree of polymerization is inversely 
proportional to the square root of the j>eroxide catalyst concentration,”^ 
which is readily interpreted on the basis of a propagation first-order and a 
cessation second-order with respect to the active radicals. 


rate of propagation 

Chain length *= : 

rate of cessation 


hlM2lRM ,-2 [M] 
CCat]>'» 


The chain k^ngth her<» refers to the kinetic chain k'ligth of th^^‘ reaction 
as a chain reaction and is ecpii valent to the degree of polymerization 
only if there is no chain transfer. 


FREE RADICAL CESSATION. CHAIN TRANSFER AND 
INHIBITION 


Studies of both the rate and the degree of polymerization, as men- 
tioned above, have produced convincing evidence that the cessation 
reaction for free radical polymerization is bimolecular. It has frequently 
been suggested that such a process as this, involving the redaction of two 
free radicals, should proceed principally by disproportionation when 
possible rather than by coupling.*® 

H H 

II III 

2 c - - C = C-b-C-C~H . 


The observations that a number of low molecular weight polymer mole- 
cules contained one fragment per polymer molecule seem to substantiate* 


Brown, D. J. Jour. Am. Chem. Soc. fl: S0A7. 

IfeCluro. J. Bobortoon, B. B., B Cuthbortton, A. C. 
Bioo. F. 6., B BIm, B. B. **Tbe Aliphutic Free JUdicab/’ 
1»S5. 


Can Jour. Res MB: 103. 1049 
Johns Hopkins Press Baiiimore 



366 


ANNALS NEW YORK ACADEMY Of SCIENCES 


disproportionation. It is perhaps pertinent to point out that the 
coupling of phenyl, triphenylmethyl, methyl, trichloromethyl and 
acyloxy radicals is not in disagreement with this idea since in these 
instances disproportionation in the sense indicated above is not possible. 

In addition to stabilization of active growing polymer molecules by 
cessation, they may also be stabilized by chain transfer. For example, 
the observation that each molecule of polystyrene prepared in the pres- 
ence of carbon tetrachloride contained the elements of carbon tetra- 
chloride*® may be readily explained by a chain transfer process involving 
the known reaction of active free radicals with carbon tetrachloride.* 

M,. 4 - CCI 4 MnCl 4- CClr 
CCl,- 4- Af -4 C1,CM ClaCMn- 

CCI4 

CliCMnCl -f CCl,- 

In the discussion of this paper, Dr. Bartlett pointed out that the pro- 
portion of chain transfer process involvmg monomer would increase 
markedly as one changed from conditions for forming low molecular 
weight to those for forming high molecular weight polymers. 

ie-(M).— CH,CH« 4- CH, « CH -4 i?-(Af ),~CH = CH 4 - CHaCH- 

I ! II 

XX XX 

Hi 

The chance of interrupting the growth of any particular active chain 
by cessation will vary with the square of the concentration of active 
chains, while the chance for the above chain transfer process will be 
directly proportional to the concentration of active chains. Dr. Bartlett 
therefore predicted that, for very high molecular weight polymers, it 
may be found that there will be considerably less than one catalyst frag- 
ment per polymer molecule. Dr. Mark and Dr. Flory both suggested 
that there are already certain experimental observations in agreement 
with this view. 

On the basis of the active free radical mechanism for the polymeriza- 
tion, an inhibitor or retarder for the reaction will be any substance which 
will destroy this activity. Unless the inhibitor is itself a free radical 
(triphenylmethyl) it cannot, of course, destroy the free radical. Rather, 

« W . a MMeaia. B. Z«it physiktl Ch«m. AMT. 175 1540 
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it must react with the ''active” free radical to give an "inactive” free 
radical, where "active” and "inactive” refer only to whether or not the 
radicals are reactive enough to add to a monomer molecule. 

The retardation of polymerization by aromatic nitrocompounds can 
be very reasonably accounted for on this basis. Since nitromethane 
does not retard the polymerization of styrene/^ and since it has been 
demonstrated that nitro groups strongly activate the aromatic nucleus 
toward free radical substitution,^® the logical explanation for the retard- 
ing effect of aromatic nitrocompounds must be their reaction with the 
growing radical chain to give a relatively stable radical which will no 
longer add monomer units. 



I 

NO2 


Aromatic nitrocompounds have been found to act as retarders*^ and 
it has been observed that polystyicne prepared in the presence of nitro- 
benzene or 2,4-dinitrorhlorobenzene contained fragments, from the 
retarding substance in the proper proportion for one fragment per 
polymer molecule. 

/NO ) C H Cl 

CeHsCH^CHj - — C«HjC02(CgH«)8C6H,(N02),C1.0 
(CgHgCOfjg 
95® 

Calculated: C, 78.92; H, 6.11; N, 2.39; Cl, 3.03; mol. wt., 1160. 
Found: C, 79.02; H, 6.09; N, 2.44; Cl, 2.84; mol. wt., 1180 (visc.).‘‘ 
Substances which act as inhibitors of addition polymerization, such 
as quinones and hydroquinones, must compete for active radicals much 
more successfully than substances which act only as retarders. 


•* IWd, S. O. Jour. Chea. Soe. 1M0: *n 
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Hydroquinone has been shown to produce quinonc in the presence of 
methyl methacrylate and benzoyl peroxide under condition for poly- 
merization^^ and quinones are known to react with the radicals from 
acyl peroxides to give alkyl-substituted quinones.* 


THE CATIONIC MECHANISM 

In addition to the many possibilities for free radical type polymeriza- 
tion, there are also many conditions and many monomers for which the 
reaction undoubtedly proceeds through a mechanism involving an active 
cationoid intermediate. Thus, such substances as strong acids, boron 
fluoride, aluminum chloride and stannic chloride, all characterized by 
strong affinity for a pair of electrons, undoubtedly initiate polymerization 
by polarization of the double bond of the monomer.*®-®* It is perhaps 
significant that those substances most readily polymerized by such 
electrophilic catalysts have substituents such as alkyl, aryl or ether 
groups, which promote the release of electrons. 


F CH, F CH, 

F:B -* F:B: - CH,:C+ — 

F <!jH, F CH, 



CH, 


CH, 


CH, C— CH,C+ 

' / I 

CH,/. CH, 


The cessation process in this case must be unimolecular rather than 
bimolccular with respect to active centers. The observed presence 
of one double bond per polymer molecule for such polymers can be 
accounted for by loss of a proton from the growing pol3rmer by a process 
first-order fWith respect to the active centers. 

J. M OnbMB, S. m. lad. Bag Cheat. t4: 4tfB. 1948. 
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CH, 


- CH,C - CH 


CH, 

I 

C + H-* 

I 

CH, 


The kinetics of the ionic reaction are markedly different from the 
free radical type. For example, the polymerization of styrene in thymol 
has been found to be third-order with respect to monomer.*^ The 
stannic chloride-catalyzed polymerization** was found to be of even 
slightly higher order with respect to styrene concentration, to be first- 
order with respect to catalyst concentration, and to produce polymer 
with degree of polymerization independent of the catalyst concentration. 
These observations are all satisfactorily accounted for by the following 
course for the reaction. 

A. Initiation 

ka 

H+ + CHa = CH ^ HCH 2 CH+ HCH 2 CHCH 2 CH+ 
for SnCb) I (rapid) I (slow) | | 

CeHfi CeHfi CeH^ 

I 


B Propagation 


H(CH 2 CH)nCH 2 CH+ + CHj 


C6H5 


r. Cessation 


kb 


CH 

1 

H1CH,C11)m 

iCHsCH-^ 

C,H, 

C,H, 

1 

Cells 


kr 

H(CH2CII)„CH2CH+ H(CH2CH)„C^.H = CH -f H^ 


CeHj CeHfi C«Hb CcHj 


If we allow to represent the active growing chain, the following 
expressions may be derived: 

[/] = /f,[M]CH+] 

dlA*ydl = fc.[3f3[/3 =^JCiCA/]*CH+] ' 
-dlA+ydt = ifc,U+] 


If k, is very much greater than k,, a steady state will be reached where 
the rate of the last two reactions will be equal. The concentration of 


•> Iteon, J. O., Boik, X. * Untolm». ■ F. Jour. Am. Cbem. Roe. M; (M4 IMI. 
* WIUImu, Q. Jour. Cbom. Soc. IHO: 775. 
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A* may then be expressed in terms of known concentrations of monomer 
and catalyst and substituted in the eqi^ation for the rate of disappearance 
of monomer. 


-diMydi 


kJciKt 

k. 


rM]*[H+] 


chain length = 


kt [Af][A^ 3 


hiMyk.. 



RATE THEORY AND SOME PHYSICAL AND 
CHEMICAL PROPERTIES OP 
HIGH POLYMERS 

By 

H. M. Hulburt,* R. a. Harman, t A. V. Tobolsky, 

AND Henry Eyrino 

From the Frick Chemical Laboratory ^ Princeton Unwernty, Pnnceton, New Jereey 

A, MECHANISM OF POLYMERIZATION 

The formation of high polymers from their respective monomers has 
been the subject of much experimental investigation, much of which 
has been subject to conflicting interpretations. It is generally conceded 
that formation of the “addition^’ type of polymer is a chemical chain 
reaction. Those molecules which form “addition*^ polymers are all 
oleflnic or conjugated molecules, and their reactivity is to be associated 
with the structure of the double bond. Staudinger' first proposed that 
the chain-initiating substance in polymerization is an active monomer 
molecule in which the double bond has “opened'' and can react rapidly. 
The activ^ation energy for chain initiation would be, on this view, the 
energ>' required to form a radical or ion from the nionomer. A con- 
sideration of the electronic structure of the double bond lends greater 
precision to our picture of the mechanism by which a double l)ond 
“opens." The electronic states of olefins, ethylene in particular, have 
been considered by Mulliken,* Huckel,^ and Lennard-Jones^ by the 
method of molecular orbitals. This theoretical treatment indicates 
that, whereas ten of the twelve electrons in ethylene are localized by 
pairs, taking up positions between the carbon and hydrogen nuclei 
and between the two-carbon nuclei, the remaining two electrons arf' 
distributed over the entire molecule. Thus they cannot be said to 
“belong" to any one carbon atom, for which reason they have been 
distinguished by the name “unsaturation electrons." Being less tightly 
bound, these are the electrons which account for the reactivity of the 
double bond. 

The energy states of these electrons are shown in figure 1, where 
energy is plotted as a function of the angular rotation of one methylene 

* Natiooftl Recearch Fellow (19M-194S} 

t On leave of abeence from Allied Chemical and D/e Corporation New York 

> iiPlidInyr, ■. Trane. Faraday Soc St: 07 . 1009 , and earlier referencee cited there 

R. O. Rev. Mod. Pnya. 14: 465. 1646. and earlier work cited there. 

•SttMnI, B. Zeit. Elektrochem. A: 756, 867. 1687. and earlier winrk dted there. 

• IiMmftffd-JoiMNi* J. O., a Ooulioa, B. A. Trane. Faraday Soc. tt : 81 1. 1689, and earlier work 
cited there. 
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with i-espect to the othei In the lowt^^t state, N, the electrons both 
occupy the same lK)uding orbital, ami hence, by the Pauli Principle, 
must have antiparallel spins, so that the ethylene is in a singlet state. 
When one of the electrons is promiitecl to a nonlx>nding orbital, two 
states are possible, a singlet, in which spins aie paired, and a triplet, 
with unpaired spins. In the case of oxygen, which is isoelectronic with 
ethylene, the triplet state is the ground state, as evidenced by the pam> 
inagnetism of oxygen, so that it is not surprising to hud the triplet state, 
T, in ethylene close to the ground state, probably only a volt above it. 
The corresj^nding singlet state, V, lies much highei*. It is the upper 
state in the ultraviolet absorption spectrum of olefins which appears in 
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the region of 1800 A, the so-called ''charge transfer spectrum/' The 
state B is called by MuUiken a "Rydberg" state, since it gives rise to a 
series of lines in the spectrum similar in appearance to the Rydberg 
series in hydrogen. In this state, one of the unsaturation electrons is 
promoted so that it revolves around both carbon atoms much as the 
electrons in an atom revolve about their nucleus. 

The wave functions for these states can be written down in the l^CAO 
molecular orbital approximation. They are: 


= iixj. + XB)iixA + Xah 

i/T = ^ [{xa + Xb)i{xa - XB)i - (xa + XB)t(XA “ 

4'V = [(^Ta + Xb)i(Xa “ Xb)2 + 

/Oti32 ““ OCsjSl 
(Xa -f Xb) 2 {Xa - Xb)i\ ^ — 


( 1 ) 

( 2 ) 



where xa and Xb are 2p* atomic orbitals on the carbon atoms A and B 
respectively. Multiplying out the space parts of these functions, we see 
that for ^ = 0 (both methylenes in the same plane) : 

= XaiXa2 + XbiXB2 + XAiXB2 + Xa2XBa, (4) 

= XbiXa 2 XAlXB2f (5) 

= XAlXAi — XbiXB2- W 

In addition to these states, there is the state in which both unsaturation 
electrons are in antibonding orbitals- 

1 /aiBz - Pia2\ 

^ 2 ~ - ^b)2 ( ~ 

Optical transitions to this state arc forbidden by th(‘ symmetry of the 
molecule. However, the functions Xa and xb change sign at ^ 90®, 

so that as one methylene rotates, the state becomes lower and lower 
in energy and at ^ 180® is the ground state*. Similarly, the state 

increases in energy' upon rotation, so that at ^ == 180® it plays the same 
role that had at ^ = 0®. At = 90®, the point where and 
would have equal energy if it were not for resonance, the wave functions 
for the upper and lower states are linear combinations of ^at and yps* or, 
what amounts to the same thing, of the two states: 

-f“ ^Ar' = XaiXa2 4* XBlXatt 
-- = XaiXb 2 + XAiXBl* 


(7a) 

(7b) 
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As we shall see the polar state (7a) enters largely into the lowest singlet 
state at “ 90"^ and is considerably lower than the polar singlet state 
y, which is antis 3 rmmetric with respect to nuclear interchange. 

"rhus, the ground state is made up of both polar and homopolar. 
functions, whereas the triplet state is purely homopolar. Hence one 
is led to speak of transition to state T as ^Internal radical formation.’’ 
Transition to state T, however, involves uncoupling the spins of the 
unsaturation electrons, which can only be done by a magnetic field. 
The internal field of the molecule is very weak, so that this transition 
occurs only rarely in an isolated molecule, even though sufficient energy 
is present. In the presence of atoms, radicals, or molecules containing 
an odd electron, however, this uncoupling is much more probable and 
may be expc‘cted to occur readily whenever the *‘odd molecule” comes 
within the kinetic theoiy radius of the ethylene. 

I'liis picture of the electronic structure of the double bond has been 
use<l to account for the two mechanisms of cis-trans isomerization. ‘ 
In TABLt 1 are listed the reactions for which activation energies have 
bt*en measured. It is clear that they fall into two classes. In the first 
class are those which have an activation energy of about 42 kcal/mole 
and a fr^iuency factor of a nonnal value. In the second class 

are Ihow* isomerizations which have an activation energy of '^23 kcal/ 


Table 1 

A. ClB-TRANB IbOMERIZATION 
(a) Ueactioofl by the ‘'singlet” mechanum 


Compound 


Methyl cinoamate * (g) 


StUbene • (1)* 

MonochiorstUbene * (1)^ 
Diehlontilbene * (1) 


Temperature 

Pressure 

Frequency 

Factor 

Energy 

^C. 

mm. 

ec.fmol. tec. 

keal. 

290-387 

5-500 

3.5 X !()»• 

41.6 

308-378 

20-450 

4 X 10*‘ 

46.0 

280-888 

4-400 

6X 1(P» 

42.8 

214-223 


2.7 X 10»» 

36.7 

226-246 


1.4 X 10“ 

37.0 

175-196 


9.9 X !()»• 

34.1 


• TIm woaMriMlion b CAtalyMMl by BFi ct room temperature (refereuce 16). by HBr and a peroxide 
(sqm! Br atom)* (referemm 17) aod by HBr and a ferromagaekM metal (rcicreace IS). 

^ CaUbrtid by HBr-mygaa (reference t). 



a. B.; B 

8 !' 


I. Jour. Am. Chem Soc.fS: 677. 1641 
I. Jour. Am ('bem. Sor ST: 666. 19S6. 
i. Jour Am. Cbem. Soc. It: S4tS. IMS. 
t. Jour. Am. Cbem. Soc it: SIS. 1M4. 
Jour. Am Cbom Soc. ItM: «07S. 
i.lt:7St. IMS. 

Zdt. ^yaibal. Cbem.. Bodeneteia Feetband 
Jonr. Am. Cbem. Soc. M: ttOS. tStt. 
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Tabud 1 iCmUintied) 

(b) Reactions by the ^*triplet*’ mechanism 


Compound 

Temperature 

Pressure 

Frequency 

Factor 

Energy 


*C. 

mm. 

cc.fmol. sec. 

heal. 

Maleic acid** (1) 

140-160 


1.67 X 10® 

15.8 

Dimethyl maleate*' “• ** (g)" 

270-380 

46-4070 

6.8 X 10® 

26.5 

U. 14 

270-320 

15-90 

3.2 X 10* 

17.7 

Dimethyl citraconate * (g) 

280-360 

30-500 

about 7 X 10* 

25.0 

Butene-2 *® (g) 

390-420 

100-1440 

2 

18.0 


• CftUlywd both by Kriedel-CrdTU c«Ulyit« •nrh m AlCli, hVCh. ZnCl* and by paramagnetir tub* 
ataaeoa anch aa Na". ()i, NO (referencea IS. 14, IP). 


B. Polymerization 
(a) Reactions by the ^'singlet’* mechanism 

Compound Catalyst Pressure , ^ Pactor^^ Energy 


Ethylene*® (g) 
Ethylene *’• (g) 
Ethylene *i»» (g) 
Ethylene 
(CioHg Boln) 
Propylene** (g) 
Propylene *• 

Butene-2 ** (g) 
Isobutene ** (g) 
Isobutene *• (1) 
Amylenes** (g) 
Hexene-2*® (g) 
Cyclohexen^^ (g) 
Octene*^ (g) 

2,3 Dimethyl buta- 
diene-1,3 •* (g) 

L3 Pentamene *® (g) 
Cyclopentadiene *• (g) 
Cyclopentadiene ** (1) 
*• (CioHis Boln) 
Chloroprene *• G) 
Styrene *® (1) 


350^500 

377-393 

368-414 

358-414 

330-400 

600-725 

330-400 

330-400 

—78 

330-400 

330-400 

370-440 

345-380 

309-398 

279-419 

120.4-160 

0-81 

45-71 

40-50 

0-38 


BF, 


2.5-10 atm. 
1420 mm. 

10 atm. 

200400 atm. 
sealed tube 
atm. 

sealed tube 
sealed tube 

sealed tul)e 
sealed tube 
sealed tulx* 
sealed tube 

160-195 mm. 
220-315 mm. 
373-1880 mm. 


cc.fmol. 8ec. 
10 *® 

4 X 10** 
10 **® 

10 *** 

10 “ ®® 


10 “ * 
10 *»® 

10 '* ® 
10 *® • 
10**^ 
10*1 T* 


kcaL 

35 

43.5 
42.7 

40.6 

37.4 

41.5 

38.0 

43.0 
10 

38.0 

38.0 

47.0 

40.5 


SnCU 


1.4 X 10*® 26.3 

3.5 X 10'® 26.0 

8.6 X 10» 14.9 
2 X 10* 

4.2 X 10® 

10 * ®» 


17.1 
17.3 

20.2 

3 


U Ca) Tamamushi. B.. B Aktyama, H. Z«tt. Elahtrochcw. iM: 150. 1997; (b) 4S: 79. 1089. 

Tamamushi. B^ * Aktyama. B. Bull. Chcm. Hoc. Japan It: 88«. 1987. 

U Kistiakowsky, Q. B., B Bmlta, W. B. Jour. Am. Chem. Soc. M: 700. 1980. 

>« Prloa, C. O., B XaliiM’, K. Jour. Am. Chem. Soc. 01: 1595. 1980. 

Kharaoeh, it. Mansflsld, J. B Mayo, F. B. Jour. Am. Chem. Soc. H: 1155. 1987 

» Umslbara, T., B glmamura. O. Bull Chem. Soc. Japan IB: 500. 1088. 

••OUbwt,W.Z.,Tark«Tiell,J.,B Wallis. B.S. Jour. Org. Them. B: Oil. 1989. 

»Fsaa«, B. B. Jour. Am. Chem. Soc. BB: SIS. 1981. ^ 

n(a)Btoroh.B.B. Jour. Am. Chem. Soc. BT; 8598. 1985; (b) BUMWU. B. F.. B BotUl. B. C. 

jlii8ntS(^.^iB. B Bosklaa. B. A. Jour. Ge^ Chem. USSR 1X5. 

» Moor. #. itrlfalnra. If . W.. B Frost. A. W. Jour. Gen. Chem. T: 86p. 1987. 

M.^wBonniaoT^. B.. B ios ktina, B. A. Jour. Gc^Chem. US8RB: 180®. 1988. 
»TL>mas.B.lif..Bparks.ir. J..iFrolleh,F.K. Jour. Am. Oiem. Soc. §8: 870. 1940. 

»B«mtaov, X. BFolotaorJk.F. Jour. Gen. Chem. USSR •: 898. 1?80.^^ 

*» Bwatsor, M. 1.. Bisorkllka, ^T. B BooMm, B. ^ Jour. Gen. Chem. USSR B : 1808 1*88- 

MBarkmoss. 1. B.. Xlstlakowsky, O. B.. B Xoars, W. B. Jour. Chem. Phyi. i: 088. 1I87. 

■•XodfodoT. B., BUmsoker, ▼. Acta Phyaicocbim. US^ 11: 751. 1X9. 

•• Williams. O Jour. Chem. Soc. 1840: 770 
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Table 1 {Continued) 

(b) Reactions by the "triplet” mechaniwn 


('om{Kiun(l 

Tempera^ 

ture 

( 'ataiyst 

Pres- Frequency 
sure Factor 

Energy 


u:. 


ccjmol.eec. 

heal. 

8tyrene*‘ (1) 

100-132 

none 

7.5 X 10* 

28.6 

Styntiie ” (1) 

27-50 

B.,0, 

6 X 10» 

29.3 

Styrene " fl ) 

56-60 


16** 

23.5 


(free radicals) 



Styrene " (1) 

90-120 


10’ 

28.0 

#i-#-Butyl-chlorucry late 

« 26-28 

BrtOs 

10” 

15.2 

(dioKane Holn.) 

Itidene •• (1) 

120-188 


16 

26.0 

Indene *• (toluene soln. ) 

120 200 


10” 

20.0 


(’. Uka<tionh vShowinu a Dual MKUHANtsM Depending on the Temperati’rk 
(a) ('iH-trunf* iHomenzation reactions 


( Vim(K>uiui 

Temperatur<‘ 

Pressure 

Fretjuency 

Fa(‘tor 

Energy 

Dichlorcthyleno ” (g) '* 
Dichlorethylonc •• ^g) « 

®r. 

287-335 
about 200 

200 760 mm. 

cc.ltnoL sec. 
4.9 X 10>* 
2.1 X 10* 

kcal. 

41.9 

16.0 


(h) Poly inenzat ion reactions 


(Vim pound 

Tem|icrature 

I^resHure 

Frequency 

Factor 

Energy 


^C. 


{cc.imol. sec.) 

kcal. 

Isoprene •» (g) 

268-371 

212 739 mm 

2.19 X io>®Vr 

28.9 

Isoprene (1) 

100-1,50 


10* • 

18.8 

laoprene (1) 

1,54-160 

1000 atm 

104 ii 

17.0 

Butadiene « {a) 

173 386.4 

531-5000 mm. 

9.2 X 10* 

23.7 

Butadiene ** (lor g) 

150-200 


16 " 

25.0 

BuUdieno **(!)> 

100-150 


16“ 

13.0 


* ('•tstyted by oxjffvn or oir (reference 87). 

* r«telysed by oxyiren *nd aitnc oside (reference 88). 

* ('ntnlyced by ne^gen (reference 48). 


w p. Jl H g—m ann . ■. Zeit. phyeiUl. l hem. B4I: 8M. 1W9. 

.ufi* J*- Tv Wnfllntyr, A., * H m a mann . ■. Zeit. phyiike) Chem. Btt; <46 
(b) O. ▼. N«turw*rfT: 689. 1989. 

**Fmh4. B. O. iour. Cbem. Soc. IMO: 48. 

^Frl06» 0. O.. A KaU. M. W. iour. Am. Chem Sor fS: <798. 1941. 

M Broitoabaoh. J. W. Zeit. Kiektrochem. 48: S<8 1987. 

it, S;. A Bail, E. Zeit. phvHkel. Chew. Btt: 417. 1986. 

L 4 , L.. A TUflor, E. L. iour. Am. Cbem. Sor tt. 8480. 1940. 

— Moau, E., Aklyuna, B.. A laU, E. Zeit. Klerlrochem. 47 : 840. 1 041 

••▼aHilMAi W. I. iour. Am. C hem. Soc W: 4109. 1988. 

* OiBlib l. ir. Jour. Rum. Pbg. Cbem. Sor. N: 1888. 1898. 
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mole and a low frequency factor of '^10*. This first class has been 
supposed to isomerize by rotation against the high energy barrier of the 
normal state of ethylene, the top of which must consequently l>e placed 
at ^42 kcal. The second class of isomerizations is supposed to proceed 
adiabatically from the state N to the state T at tlieir crossing |)oint. 
This requires an activation energy of only 23 kcal, but when the two 
energy surfaces approach very closely, as they do in the uncatalyied 
reaction, the probability of remaining in the state N is very high. Thus 
the transmission coefficient for reaction by passing through the triplet 
state, which is reflected in the frequency factors observed experimentally, 
is low. 

Examination of a compilation of the rates of initiation reactions in 
polymerization (table 1) reveals a similar classification. In general, 
alkyl-substituted olefins polymerize at rates with normal frequency 
factors and activation energies about 40 kcal /mole which vary with the 
substituent. This class of polymerizations is catalyzed by generalized 
acids such as AICI3, BF3 and concentrated H2SO4, with a marked reduc- 
tion of the activation energ>'. The second group comprises styrene and 
its derivatives and acrylates. All members of this group apparently 
have the same* activation energy for chain initiation. The fj'e*quency 
factor is low for all the uncatalyzed reactions, but is nonnal ('^10") for 
those catalyzed by free radicals, benzoyl peroxide, and triphenyl methyl 
diazobenzene. A few substances fall into the first class at one tempera- 
ture and into the second at lower temperatures. This is natural if there 
are two competing reaction mechanisms, since the one with the higher 
activation energy will l)e favored at high temperatures. 

Although alkyl-substituted olefins isomerize by the “tiiplet^* mecha- 
nism, they polymerize by the ^Monic^' mechanism. Similarly, the phenyl- 
substituted olefins isomerize by the ‘‘singlet^' mechanism but polymerize 
by the “triplet’^ or radical mechanism. This does not really involve 
a contradiction, however, since those substances which show cis-trans 
isomerism are necessarily substituted ethylenes which do not 
polymerize readily. This point of view presupposes that styrene, could 
its isomerization be detected, would be found to isomerize by the 
“triplet'^ mechanism. 

Thus there is a large body of fact which can l^e correlated and under- 
stood in relation to the electronic structure of the double lx>nd. We 
shall consider first the possibility of an ‘ionic^’ mechanism in which the 
growing polymer has a predominantly polar configuration. 
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Ionic Mechanism 

The criteria of an ionic reaction mechanism are generally taken to be: 

(1) Marked change in rate upon changing electronegativity of 
substituents; 

(2) Acid or base catalysis; 

(3) Intra-molecular rearrangement. 

All of these effects are exhibited in polymerizations. The effect of 
substituents has been discussed of ten. Asymmetrical substitution of 
olefins in general enhances the ease with which they polymerize, but 
substitution of both carbon atoms of the double bond markedly reduces 
the polymerizability. In dienes, substitution in the 2 or 3 positions 
enhances polymerizability, whereas substitution in the 1 or 4 p>osition8 
reduces it greatly. This marked influence of substituents upon reaction 
rate is easily understood if a polar activated complex is assumed in the 
reaction. The case with which such a complex can be formed is related 
to the degree to which the substituent groups influence the electron 
charge distribution in the molecule so as to leave one of the carbon 
atoms of the double Ixjnd more positive than the other. Such an atom 
is then the point of attack for an entering negative group. These con- 
cepts are well-developed in the correlation of acid strengths with molec- 
ular st ructure^ and in the theory of the rates of nitration of substituted 
lienzenes.^ Polarization of the double bond has been postulated also 
in the addition of halogens and halogen acids to olefins, so that it is 
not unreasonable to suppose such a mechanism to operate in addition 
polymerization also. Tlius, the great ease with which vinyl chloride 
polymerizes as compared with ethylene can be attributed to the polar- 
izing effect of the chlorine on the double l)ond. This can be expressed 
by saying that the structures 

— -f -h 4* -f — 

Cl— CH— CH, Cl—CH— CH 2 

(induction) (resonance) 


contribute much more to the activaUnl state for this compound than do 
the corresponding structures for ethylene. 

A similar but considerably larger substituent effect is observed in the 
shift of the spectra of substituted ethylenes.* Substitution of methyl 
for one hydrogen in ethylene decreases the separation between the 
ground state N and the polar excited state V by 12 kcal/mole.* The 


|. Xi. It. Chemutry ** McC<r»ir.lliIl. N«w York, 

t., a IfriBC* H. w. Ckc». Pkya. t. 4l» 1841. 

iBf , a. iour. Ckoai. fhju. •: 4M. 1840. 



HVLBVRT, HARMAN, TOBOLS^KY, AND EYRING- HIGH POLYMERS 379 


activation energy for ionization is reduced only by about 0.5 to l.O 
kcal/mole at ordinary temperatures.^* Moreover, the excitation energy 
for iheN’-^V transition in the spectrum of plane ethylene is 7.61 e.v., 
whereas the maximum activation energy ol)served for the polymerization 
of ethylene is about 2 e.v. (43,000 cal).^^ This indicates that the polar 
state involved in thermal polymerizations is not the state, T, which is 
the upper level in absorption spectra, but rather the state, 7a. 

In the absence of detailed studies of those polymerizations where an 
ionic mechanism is suspected, it is possible to correlate reaction rate 
with molecular structure only very roughly. However, it is to Ihj noted 
that among the polymerizations listed in table 1 as ‘^singlet mecha> 
nism,” there is a wide variability in the rate as well as in the a(‘tivation 
energy. There is evidence that the diene polymerizations proceefl under 
certain conditions by a radical mechanism and, as is k»en in section B of 
TABLE 1, the activation energies are low, so that their inclusion under 
“singlet mechanism” is at lieat uncertain Those polymerizations cata- 
lyzed by peroxides or by free radicals, as well as those which pr(*sumably 
proceed by the “triplet” state in the absence of catalyst, have activation 
energies which fall within a remarkably narrow range. This observation 
strengthens the view that the latter proceed by a free radical chain, in 
which charge distribution would have a very minoi effect on activation 
energy, whereas the former react via a polar activate**! complex 

The second criterion of a polar mechanism, viz., acid or base catalysisi 
is also widely observed in addition polymerization. Many commercial 
processes employ catalysts such as AK'b, BF 3 , or concentrated HfS 04 , 
all of which may lx* classed as acids in the sense that they are capable of 
forming a bond with any molecule which can furnish a pair of electrons. 
The unsaturation electrons of the olefin or diene are ideally adapted 
for this purpose, as is evident from the large number of complexes formed 
between AlCb and unsaturated molecules. Th(* fact that many of 
these are colored indicates the stabilizing effect of the AWU on the ionic 
states of the molecules involved, since color can arise only from the 
reduction in the excitation energy of the polar state*. 

Acidic catalysts exert a much greater effect on the activation energy 
of polymerization than do peroxides. In the case of styrehe, catalysis 
by benzoyl peroxide leaves the activation energy practically unchanged, 
but raises the f*^uency factor. Catalysis by SnC^'b in CCb solution, 
however, reduces the activation energy to less than thr<H» kikx*alories^* 

atoreh. H. B. Jour. An. Cben. Hoc. iT. M»S. 19$S, „ , 

O. A ''Anhydrous AlCIi in Organic Cheniairy " Rcinhold. New York. 1941. 

P. 48. 

«• WminaM, O. Jour ('hen Soc lf4S‘ 775. 
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from the uncatalyzed value of ^24 kcal. This indicates a marked 
difference in the mechanisms of the pol 3 mierization in the two cases. 
Although the polymerization of st 3 a'ene and vinyl acetate has been 
found to be uninfluenced by surface when they proceed by the ^^triplet” 
mechanism, the polymerization of dienes has been found to be hetero- 
geneous and very sensitive to surface conditions. This fact may also 
indicate an ionic mechanism in which the silica surface acts as an ionizing 
two-dimensional solvent, as has been suggested" for catalysis of dehydra- 
tion and hydrogenation on metal oxide surfaces. The polymerization 
of ethylene has been reported to yield predominately propylene in a 
silica tube,‘^ whereas butylene is reported as the chief product in a pyrex 
or copper vessel.®* This suggests that the nature of the ionic surface is 
important in determining the reaction course, as it would lx* if ionic- 
activated states were involved. 

The third criterion, molecular rearrangement, is also observed in the 
dimerization and polymerization of many substances. The experi- 
mental evidence for rearrangement before or after polymerization is 
extensive and will not be reviewed here." The work of Whitmore and 
associates®® on the dimers and trimers formed by the action of concen- 
trated sulfunc acid on secondary and tertiary butyl and amyl alcohols 
furnishes strong evidence for the polar character of these reaction 
mechanisms. 

All these lines of evidence lead one to suspect that addition poly- 
merizations can proceed by a polar mechanism. Closer consideration 
of the ground state of ethylene indicates that this mechanism is also 
suggested by the electronic structure. As we have seen, the ground 
state of plane ethylene is a linear combination of the polar and homo- 
polar states (7a) and (7b), The exact proportions in which they arc 
mixed depends upon the difference in their energies, the state with 
lowest energy pmdominating. In plane ethylene, the LCAO molecular 
orbital approximation gives a ground state, which is 50 per cent 
polar. As one methylene is rotaU»d with respect to the other, the 
homopolar ('-C Ixind made by the two unsatumtion electrons is weak- 
ened until at ^ 90® it is practically nonexisUmt. The activation 

energy for this rotation, from isomerization experiments, is about 45,000 
cal. or 2 e.v. 

For ethylene in the perpendicular form, the difference in energy 
between the polar and the homopolar states can lie estimated by consider- 
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ing the effect of localizing two p-olectrons on one carlx)n atom. This 
electron transfer reduces the landing of the electrons to the nucl 'Us by 
partiall}'^ shielding it. To balance this, there is an increase in binding 
energy l>ecauso of the electrostatic attraction between the nuclei. The 
first effect can be estimated roughly by the use of the Slater screening 
constants. Thus, addition of one electron screens the carlxin atom 
by .30, decreasing the electronic binding by [1 - (.70)*]/, where' I is the 
ionization potential of the electron. For plane ethylene, 1 = 10.45 
e.v., but this must 1^ reduced by 2 e.v. for the perix'ndicular form. 
Thus the total reduction in binding due to transfer of two electrons is 
2(1 ~ .49)/ = 8.67 e.v. The electrostatic potential energy of a positive 
and a negative charge separated by 1.54 A is approximately }{i that of 
the hydrogen atom, where the charges are separated by only .53 A. 
The increase in total energy' duo to electrostatic bonding is thus 2 3 the 
ionization potential of hydrogen or X 13.65 = 9. 1 e.v. Thus there 
IS an apparent gain of 0.43 e.v. binding energy in the' polar state. 

While no stress can be placed on the exact magnitude of the numl)era 
in this very rough estimate, it is evid(*nt that the polar state will con- 
tribute largely to the lowest singlet state of ethylene in the perptmdicular 
form. The actual configuration in the activated state, while not com- 
pletely ionic, since homopolar states undoubtedly contiibute in some 
degree* to the resonance structure, is probably predominantly polar in 
nature. Thus we are led to speak of such an activated complex as 
“internally ionized.” 

The substituent effect is clearly evident, since* the energy of the 
ground state (/ in the above calculation) rises from —10.45 e.v. to 
— 8.3 e.v. as one to four methyl groups are substituted in the ethylene. 
Since the electrostatic attraction does not elei)cnd marke*(lly upon the 
sul)8tituent, it is evident that increasing substitution increase's the polar 
character of the activated state. 

The catalysis by acids is caused by the bonding effect of the acid 
for the unsaturation electrons, stabilizing them on erne carbon atom. 
This, of course, increases the contribution of polar terms in the ground 
state, and may lx* t*xpected to have an even larger effect on the activated 
state. 

In the perpendicular form, the orbitals* of the unsaturation electrons 
of ethylene are directly opposite those bonding the substituents on tlx* 
carbon atoms. There should consequently be some overlap Ixjtween 
them, with the result that the substituents may be considered to lx* 
partially bound to lx)th carbon atoms of the double bond. Such a 
three-center tnyo-electron bond is similar to that of Il+a, where it contributes 



382 


ANNALS NEW YORK ACADEMY OF SCIENCES 


great stability to the molecule.** In the case of ethylene, the three 
centers, carbon, carbon and substituent, share the two unsaturation 
electrons with a consequent partial release of the usual substituent- 
bonding electrons to give an increased electron density on one carbon 
atom. This state might be represented thus: 

H H 

-C : CV 

H H 

The substituents on the negative carbon atom tend to migrate to the 
positive carlion. Such three-center lionds have been proposed in the 
mechanism of bromine addition to olefins** as well as in the addition of 
ions to double iKinds*^ in the formation of olefin-ion complexes in solu- 
tion. This type of bonding affords a more detailed mechanism for the 
intramolecular rearrangement studied extensively by Whitmore and 
co-workers.** 

Whitmore has proposed that acid-catalyzed polymerizations have an 
ionic mechanism.** This viewpoint can now be extended and elaborated. 
We have sc^en that, even in the absence of catalyst, the activated state 
of the double Ixmd is probably highly polar in structure. Thus two 
ethylene molecules may lie supposed to react to form an internally 
ionized dimer. 

HHHH 

HjC: :CH, + H,C: :CH, ~ -:C:C:C:C+ 

HHHH 

In this dimer, the substituents on the carbon adjacent to the positive 
charge tend to become Ixmded to the positive carbon, so that migration 
is relatively easy Thus, the dimer may liecome stabilized by substit- 
uents shifting by one carbon atom down the chain until the double 
bond is regenerated at the other end. Competing with this unimolecular 
process is the addition of the internally ionized dimer to another molecule 
of monomer to give ionic trimer, leading the growth of long chains. 
Growth can proceed with little activation energy so long as the double 
bond is not regenerated, since the polymer is already in the polar acti- 
vated state. 
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These reactions present all the essential requirements for a chemical 
chain leadin^c to long polymer molecules. The fact that many sub- 
stances form only short chains is to be attributed to the speed with 
which rearrangement occurs in competition with addition. Since 
rearrangement is unimolecular, whereas addition is bimolecular, long 
chains will be favored in condensed phases. Long chains will lie favored 
at low temperatures provided the activation energy for termination is 
greater than that for growth of the chain. This seems to be the case 
in the AlCL-catalyzed pol3nnnerization of isobutene, which forms the 
longest chains at the lowest temperatures. 

These reactions lead to the following kinetic scheme, in which A 
represents monomer and B the catalyst : 

A + 

k, 

(AB)* + A ► (BAt)* 

etc. 

iBA;)*--^An + B. 

This reaction mechanism gives the.over-all rate 



and the degree of polymerization 

k. 

In the absence of catalyst, B should be replaced by A in these* equations. 

The published kinetic data on polymerization by ionic mechanism 
are sparse and not entirely consistent. The polymerization of styrene 
in carbon tetrachloride solution has bt»en studied in the presence of 
stannic chloride.** The reaction shows an induction period, and is 
poisoned by HCl, and by styrene dimer. The specific viscosity of the 
resulting polymer is proportional to the square root of the concentration 
of styrene, but is independent of the catalyst concentration. The 
maximum rate is proportional to the firsts power of the catalyst and to 
the fourth power of the monomer. These results are difficult to har- 
monize with the proposed mechanism. They would require a third- 
order initiation, which seems highly improbable. However, work Of 
Moore, Burk and Lankelma** on the polymerization of styrene in thymol 
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Holution gives data in good agreement with these equations. There 
was no evidence that thymol was incorporated in the polymer. Its 
action may be interpreted rather as that of a polar solvent which sta- 
bilises the internal ionization of the double bond by complex formation, 
so that the ionic mechanism is favored over the ‘"triplet” or radical 
mechanism which apparently occurs, for example, in toluene solution, 
llie experiments reported by Frohlich and co-workers*^ on the low 
temperature polymerization of isobutene in the presence of boron tri- 
fluoride do not seem to contradict the hypothesis of an ionic mechanism. 

Thus it is evident that, while there is abundant qualitative evidence 
for the possibility of an ionic mechanism in polymerization, there is a 
great lack of complete kinetic investigations of the polymerization 
process in the presence of acid catalysts. 


Polymerization of Vinyl Compounds 

The polymerization of styrene is the most thoroughly studied reaction 
for which there are published data. The extensive experiments of 
Schulz** and co-workers, and Suess** and co-workem present a number of 
outstanding facts which must lx* mconciled in any proposed mechanism. 
In ad<iiti()n, the exix'riments of Medvedev and Kamenskaya,®^ and 
C'uthlK*rtHon, (ice and Hideal*® on the polymerization of vinyl acetate 
show a similar general Ixdiavior. We shall discuss first the data on the 
{lolymerization of styrene. 

The thermal i)olymerization of styrene m the absence of any inten- 
tional catalyst has lxH‘n extensively atuclied, both in solution and in the 
pun* liquid.** The* rate of disappearance of styrene monomer in 
solution is found to lx* well repre8c*nted in seven different solvents 
studied in two lalxiratories by the expression 

dA 

- ^ - M-, (8) 


where A repres<»nts the monomer concentration. In each case, a plot 
of the logarithm of the initial rate of reaction versus the logarithm of the 
initial concentration of styrene gives a straight line with a slope of two. 
The rate of diBap|x*arance Ls not markedly different in different solvents. 
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However, the mean molecular weight, or the degree of polymerization,* 
of the product varies widely. For example, a solution of monomer in 
cyclohexane gave a product of degree of pol 3 rmerization 1 105, whereas 
in ethylbenzene, the same initial concentration of monomer gave a 
product of d.p. 455. Tlu* over-all rates varied only from 1.8 X 10~’ 
to 2.7 X for the same solvents. 

When benzoyl peroxide is added to styrene in solution, |)olymerization 
is much more rapid and the degree of polymerization is much less. The 
initial rate of polymerization in toluene, the only solvent studied, is well 
represented by 

dA 


dt 


(9) 


where B is the concentration of benzoyl pei oxide initially present. The 
degree of polymerization is propoitional to the square root of the l)enzoyl 
peroxide concentration. 

These findings are in partial agreement with those for other com- 
pounds. The polymerization of vinyl acetaU* in the presence of In^nzoyl 
peroxide has l)een said®^ to follow a kinetics which would lead to an 
over-all rate second-order in monomei . However, plotting the logarithm 
of initial rate versus the logarithm of initial concentration of monomer 
gives a line of slope' no greater than ?2- A wider range* of concentrations 
would be elesirable to test this point further, but tiie present data do 
not indicate* a second-orele*r over-all rale. This is confiimed by the 
work of Cuthlxjrtson, Gee and Rideal,®® who weic led to adopt an equa- 
tion of the form of equation (9) to express their results. The benzoyl 
peroxide catalyzed polymerization of d-s-butyl-o-chloracrylaU*®® is 
reported to lie first-order in monomer and half-order in lx*nzoyl peroxide. 
In this case it is to lx* noted that th<* catalyst concentration is from 
0.1 to 0.5 moles /liter, whereas in the other cases reported above, the 
benzoyl peroxide concentration is of the order of .05 moles /liter. # 

The theraial polymerization of pure liquid styrem*®”'* has In^en re|>orted 
to follow a first-order law, but a recalculation of the data on the basis 
of a second-order rate gives uniform rate constants out to 75 jx'r cent 
conversion, whereas the first-order law holds only to 25 per c(*nt con- 
version. A three-halves-order law holds ^nly up to 50 ix*f c(‘nt con- 
version. It is not inconsistent with the data, therefore*, to suppose this 
case to follow the* rate law . 


(U 

dt 


koA\ 


* At u«ed in thin paper, tUf/ree of pol$merizaiion (d. p. or I*) aignihe* the number of repeating unite in 
the polyuM^ molecule. 

•• PHIm, O. O . * X«U, E. W. Jour. Am. Chem. Soc. M: «7»8. 1941. 



ANNALS NEW YORK ACADEMY OF SCIENCES 


Additional information can be gained by combining data on over-all 
rates with the data on the degree of pol3rmerization if some assumptions 
are made as to the mechanism of the reaction chain. The propagation 
reaction offers no difficulty. Since long chains are formed very rapidly, 
the velocity of propagation must l^e rapid compared to that of termina- 
tion. This will be the case if propagation consists of the addition of 
monomer to a polymer radical to give a polymer radical one unit longer. 
The velocity of propagation is then 

rpropiMl.iio« * MC*, (10) 


where C* is the total concentration of polymer radicals. For the 
present case, in which growth is much faster than initiation, the over-all 
rate of polymerization is just the rate of propagation, i.e., 


dA r 

~ — -Mr* 1-h 
di 




(U) 


where the second term in the bracket is very small. 

In the 8t<*ady state, the velocity of chain initiation must equal that 
of chain termination. This relationship permits the calculation of the 
radical concentration, (’*. Mor(*over, we see that the second term in 
the bracket in equation (11) may then be written 


F init F t«rin 1 

F prop Fprop y 


( 12 ) 


where y is the kinetic chain length of the reaction. As will become 
evident, only rarely is the kinetic chain length, 7, equal to the degree of 
polymerization, P, although this equality ha.s commonly been assumed 
in the past. However, if y is known, combining cKjuations (12), (11) 
and (10) shows that 

IdA 




« Fi 

di 


(13) 


Several possibilities present themselves for the chain termination. 
Granted a radical chain mechanism, it is hard to visualize any mechanism 
for termination which does not involve the reaction of two free radicals 
with each other. We have seen that termination by unimolecular 
rearrangement or by rjng closure probably involves polar intermediates, 
rather than homopolar free radicals. Reaction of a radical with mono- 
mer, or with solvent, only generates a new radical which can initiate a 
new polymer growth but does not terminate the kinetic reaction chain. 
Two polymer radicals, however, may simply unite at their free valences 
to form a single polymer molecule, thus destroying two radicals. Alter- 
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natively, one radical may remove a hydrogen atom from the B carbon 
of the other, leaving two polymer molecules, one saturated and the other 
unsaturated. In either case, wc have 

- AraC**. (14) 

In the steady state, we have ^ 

~ Vt«rm, 

whence, by equation (14), 

C* = (15) 


Substituting in equation (11) gives us 

- ^ + (1/7)]. (16) 

at 


Thus, having fixed the mechanisms of propagation and termination by 
a prt on considerations, the mechanism of the initiation step must con- 
form with the observed order of the over-all reaction. The second-order 
over-all rat^ observed in the uncatalyzed polymerization of styrene both 
in solvents and as pure liquid requires second-order initiation. The 
three-halves-order rate observed in the catalyzed polymerization 
requires an initiation which is first-order in monomer. The half-order 
dependence on catalyst requires the initiation to be first-order in benzoyl 
peroxide. The unimolecular over-all rate, observed by Price,®® requires 
initiation independent of monomer concentration. The thn^j cases can 
all be formulated formally in the expression 

r,.it = k,AB, (17) 


in which we take B equal to the benzoyl peroxide concentration in the 
catalyzed case and equal to A, the concentration of monomer, in the 
uncatalyzed ease. For the ease of unimolecular over-all rate, we must 
take .4 = 1 and B equal to the catalyst concentration. We have, then, 
from equations (12) and (16): 


1 

y 




/kiAB\' 
dA /k,B\^f* J 1\ 


(18) 

(19) 


Degree of Polymerization and Kinetic Chain Length 
It has already been remarked that the degree of polymerization is not 
generally equal to the kinetic chain length, as is often supposed. If this 
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were the caee, we aee from equation (18) that the degree of polymeriza- 
tion would be proportional to the square root of the monomer concen- 
tration when catalyst is present. The data of Schulz and Husemann*** 
on the catalyzed polymerization of styrene in toluene solution permit a 
test of this relatji^. In figure 2 w plotted the logarithm of P (degree 
of polymerization) veraus the logarithm of (initial concentration of 
monomer) for the initial stages of reaction (less than 5 per cent poly- 
merized). The points deviate slightly from a straight line. Moreover, 
the liest straight line through them has a slope definitely less than unity. 
This indicates that some reaction is going on which terminates the 
polymer molecules without terminating the kinetic reaction chain. 

The data for uncatalyzed theimal polymerization of styrene an* even 
more unequivocal. In this case, we have B ^ A \n equation (18), and 
7 , the kinetic chain length, is independent of the monomer concentration. 
However, the ample data of Schulz, Dinglmger and Husemann**^; 
Suess, Pilch and Rudorfer®**; and of Suess and Springer*®** demonstrate 
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that the degree of polymerization is a function not only of the concentra- 
tion of monomer but also of the solvent used. This again indicates that 
polymer growth is terminated without terminating the reaction chain. 
Medvedev and Kamenskaya®^ reach th(* same conclusion from their 
study of vinyl acetate polymerization. 

Such reactions were proposed by Flory®^ and tenned '‘chain transfer" 
reactions. The growing polymer radical supposed to react with a 
monomer molecule, or with the solvent, so that its growth is temiinated 
and a new radical generated. These reactions may lx* formulated thus: 

ki 

Am* 4" A > Am -f- A* 

Am*-^S-^UAm-\-S* 

k, 

S* + A ^ A* -f S. 


The degree of polymerization of the polymer formed during any (infin- 
itesimally) small amount of reaction is then given by the ratio of the rate 
at which th(* reaction chain is propagated to the rate' at which growing 
polymer radicals are terminatcxl by all processes. Thus, 


P = 


+ Ft, 




( 20 ) 


Substituting from eciuation (18) and inverting, this lK‘Comes 

' = - ( 21 ) 
> (k^ + k,)A (k^ + k,)A''^ k^ + k,’ 

where S is the solvent concentration. This fonnula holds only for the* 
polymer formed when the monomer concentration is constant, i.e., 
at the l)eginning of the reaction. Fioure 3 shows that a graph of 
1 /P versus 1/ilo* passcfCthrough the origin for the catalyz<*d polymeriza- 
tion of styrene dissolved in toluene. Hence kt must l)e zero. The only 
important transfer process is reaction with the solvent. In this case, 
we have 

k/S 

= 4 

P kiA ki 

Figure 4 indicates that this relation is olx^yed by styrene dissolved in 
toluene. At sn\all values of A*, the solvent concentration, S, is no 
longer approximately unchanging, so that som<‘ departure from tht 
initial slope is to l)e exf>ectcd in the more concentrated solutions. Since 


*"> Flory. F. J. Jour. Ant. C’beni. Sot. ft: S 41 . 1 «S 7 . 
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the densities of the solutions are not reported, it is impossible to correct 
for this factor. 

In the al)sence of catalyst, equation (21) becomes (setting B m A) 


1 ^ k/s 
P * M h 


(23) 


if we assume kt » 0, i.e., that transfer to monomer is negligible in com- 
parison with transfer to solvent. Fiqvres 5 and 6 show that this rela- 
tionship is obeyed in many different solvents. Suess and co-workers** 
have showed independently that it is obeyed by the polymerization of 
styrene m benzene, ethyl benzene, diethylbenzene, heptane, toluene and 
carbon tetrachloride. In the last solvent, direct chemical evidence that 
carbon tetrachloride fragments enter mto the polymer has been found.** 
It should be noted that the intercept on the 1/P axis, which gives the 
reciprocal kinetic chain length, l/ir, is essentially independent of the 
solvent used. The uncertainty in the extrapolation of the results in the 
most dilutife solution makes it impossible to determine how rigorously 
••artitwibMh, J. W , a llMShIa, a Z«it pkymkul 1 kc« AlfT: 175 1545 
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hlui Hfe. 4. (. alculntiun of ktii«tu chain length in st>reti(* poI> nierixation in tuliirtic 

this independence of solvent holds, but it appears highly probable that 
the solvent has no specific chemical action in chain initiation or in chain 
propagation except as it may alter the thermodynamic activities of the 
initial and activated states in these steps. The data of Suess and 
co-workers is less complete at low concentrations. Ck>nHequently the 
extra(X)lation is still moiv uncertain and .shows somewhat greater 
apparent variation in kinetic chain length with solven.t. However, 
there are no diflFerences greater than the largi* “exijerimcntal error'* in 
determining the chain length. 

Having determined the kinetic cliain length, we nmy use equation (13) 
to calculate the velocity of the initiation reaction. The results of these 
calculations are recorded in table 2 for the cases studied by Schulz and 
co-workers. All the derived values have been calculated by us from the 
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initial rates reported by Schulz. It is to be noted that the interpretation 
given the effect of solvents differs considerably from that proposed by 
Schulz, who ignored chain transfer completely. For this reason, the 
values for the activation energy of initiation given m table 2 are higher 
than those reported by Schulz, and are different in the catalyzed and 
uncatalyzed cases, contrary to his report. The result for the uncatalyzed 
reaction is in good agreement with the value of 28 kcal. determined from 
the rate of disappearance of benzoquinone inhibitor.** 

The velocity of chain transfer to solvent is seen to be alxiut on«* one- 
thousandth that of chain propagation. This would require a difference 
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in activation energies of about 5,5 kcal./mole if the frequency factors 
of these rate constants were the same. The activation energies cal- 
culated from the temperature dependence of k/S^ki evaluated graph- 
ically are of this order of magnitude. 

The rate constants for termination and propagation, kz and kz respec- 
tively, occur only in the ratio 

kf ko 
* * 

Thus, we have 

Et - \Ez « 4500, 
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We aee that the activatiou oueiRy for propagation mu«t exceed 4.5 
kcal./mole. The kinetics give m no derision as to whether tennination 
is by recombination of radicals or by disprojwrtionation between them. 

The values for activation energ>' of initiation given in table 2, together 
with the general theory of the double bond, permit some speculation con- 
cerning the mechanism of chain initiation. In the first place, it is 
apparent that the catalysis by l)en 2 oyl peroxide does not consist in a 
marked lowering of the activation energy for chain initiation, but rather 
in a raising of the frequency factor. The uncertainties in the activation 
energies reported in table 2 ai*e sufficiently large that no significance 
can be ascribed to the difference between the energy for the catalyzed 
and uncatalyzed initiations. The requirements of experiment can l)e 
met in the uncatalyzed case if it is postulated that the energy-consuming 
step in the activation is the transition from the singlet' to the triplet state 
in styrene. This occurs, however, very infrequently in the absence of 
external magnetic fields, so that the transmission coefficient for this 
process is very low. The initiation can be formulated as follows* 



kb 

A, + A >A2*. 


Thus, the triplet styrene is not considered to Ik* as rea(*tive as a r(*al fn*e 
radical, which is formed upon reaction of triplet styrene with monomer. 
1'his mechanism leads to the following expression for th(* velocity of 
initiation: 


kiJcaA^ 

' “ K’ + k^A ' 


(24) 


Initiation will appear to be second-order, as required by the over-all 
kinetics, provided ka > > kbA . This will be the cas(* if kb has an activa- 
tion energy three or four kilocalories greater than ka. This leads to an 
activation energy of >-^24 kilocalories for ka, which agrees well with that 
for the “triplet^ ^ mechanism in cis-trans isomerization. 

The chain initiation in the catalyzed case is open to two interpreta- 
tions. One might suppose the benzoyl peroxide to form a molecular 
complex with the styrene, in which it exerts sufficient interaction to 
facilitate transition to the triplet state. This “triplet” complex then 
decomposes to form free radicals containing fragments of benzoyl per- 
oxide. This may be formulated : 
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A + B 0 (AB). 

kt 

{AB),-^At*. 


The velocity of initiation is given by 

kJkoAB 

'''--VTk 


(») 


Initiation will be first-order in monomer^ as required by the over-all 
kinetics. The slightly higher activation energy for initiation in the 
catalyzed case than in the uncatalyzed case may be attributed to the 
energy required to dissociate the peroxide bond as the {AB)t complex 
decomposes, which would increase the activation energy of h. Thus 
the essential function of the catalyst is to increase the equilibrium num- 
ber of “triplet” styrene molecules by forming a reactive complex with 
the double bond. 

An alternative explanation of the catalysis would suppose that the 
true chain-initiating radicals are formed by the decomposition of benzoyl 
peroxide. Under conditions such that most of these phenyl and benzoyl 
radicals react with solvent or recombine so as not to lead to polymeriza- 
tion, the initiation will appear to be first-order in monomer as well as 
in catalyst. Thus: 

ft-' 


ka 

ft- > inert prwlucts 


ft- -f A ► KA* 

ktk^B 


Fi„H 




( 26 ) 


Again we must suppose k^ fast with respect to kb. However, this 
explanation leads to the difficulty that the activation energy for initia- 
tion should be greater than that for the decomposition of benzoyl 
peroxide into radicals. This decomposition has been reported^^ to have 
an activation energy of 31,000 calories, which is nearly the upper limit 
for the chain initiation in styrene. Medvedev and Kamenskaya*^ report 
an activation energy of 30,000 calories for this same decomposition. 
It thus appears difficult to reconcile the qiumtitative aspects of this 
mechanism. However, the activation energy for initiation in styrene is 
not sufficiently certain to eliminate this possibility definitely. 

9. Brttttna. m. a OwtfAwrtMtt. A. C. Cu. lour. R«. MS; let. ItM. 
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The latter explanation is adequate to explain the first -ordiM* ovei-all 
mte observed in the polymeri 2 ation of S-butyl-chlorocrylate if wc' siqv 
pose each catalyst fragment active in initiating a chain.t 

A fourth possibility must not be overlooked. The abnormally low 
frequency factor could arise from the presence of an unknown catalyst 
in concentrations as low as 10~® moles per liter. Burk and 'rhompson’' 
have demonstrated the difficulty of removing all the dissolved oxygim 
from styrene. In view of the known accelerating effect of oxygen, the 
low frequency factor might be attributed to traces of oxygen. Howc'vcr, 
the reproducibility of the rates in at least two different lalioratories 
tends to weaken this contention. Although this possibility (‘annot b<' 
excluded) the present authors believe it unlikely in view of the concordant 
results of the hypothesis of a ‘‘triplet** state in the initiation process. 

It is evident that it would be highly desirable frbm th(' thi'oretical 
standpoint to study polymerization more completely in dilute solutions, 
since the effect of chain transfer is most easily accounted for undiM 
these conditions. However, the existing data secerns to be correlated 
fairly satisfactorily by the “triplet** mechanism here postulab'd 

Molecular Weight Distribution 

It is well known that addition polymers are not pit re chemical siiecics, 
but a mixture of homologous hydrocarbons of all chain lengths. This is 
qualitatively accounted for by the chain mechanism, since then* is a 
finite chance of termination at every step in the addition process. The* 
explicit mechanism proposed here leads to a molecular weight distribu- 
tion function which can be checked against experiment. This distribu- 
tion function takes explicit account of chain transfer as well as of the 
change in chain length as the amount of monomer is depl(*ted. Tlic* 
derivation is based on the following general set of reactions. 


(27a) 

kt 

A*^A--^Ai* {27b) 

+ (27c) 

AJ^ + A-^A^A-A* (27d) 


tTUs rMctioo akoirwi a low frequoncy factor (10’*U. Thu sufiMt* that inpiat aooliaaiaa m 
• ptrativo (for axainplo in the atep of oquation €5), and that the reaction order wrea^ 

higber iban flrat. Since ibe latter poaeiDilt^ la not aiwported by anything in the publiahed data, the 
low froqnency factor in thia caae muat renuun uneapkinM. 

» Th om pn op , m. * Boffc, m. B. Jour. AmVCheni. Hoc. IT: 71 1 1 9$i 
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A„* + S 


(27e) 


k. 


S* + A 

► A* + S 

m 

«* + A,* 

kjD 

* Am “f* An 

(27g) 


kc 


.«* + A,* 

^ Awi+n* 

(27h) 


The molecular weight distribution can be found by integrating the 
dA 

expression for — ^ derived from these equations by the usual steady- 
dt 

state treatment. Thus, 

dAmk 1 

— * + k^^^A + k/AJ^S + \kc Y,A*A*^,, (28) 

(U ,-1 




kiAB ^ ktAC* 
ktAC* ktAC* 


k,AA* _ MS* kDA*C*] 
ktAC* Mr* ~ MC* J 


where C* is the total concentration of all radicals: 

c*»|;4«*. (30) 

AHHuniing a stoady state pves the following ronditions: 

dA* 

— = 0 - k,AB - k,A*A + k^AC* - k,AA* - kM*S 

+ M*A - kDA*C* - kiA*C*, (31) 

dA * 

=« 0 = MA*«_i - kiAAm* — k,AAm* — k,’A„*S 

- koA^*C* - kcA,*C*, (32) 
dS* 

- 0 « fc/.SC* - M*A. (33) 

<n 

From these equations one ran solve for A*, A„* and S*, respectively. 

** + ktSC* + A-e4(’* 

M + k,A + k,'S + koC* + kcC* ’ ' 

A.* ^ M ^ 

^iA + fc(A + hi'S + fci>C* + kcC* 


( 36 ) 
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But C* ^ A* + A 2 * + A,* ^ 


‘ = .4* -f rA* 4 * r^A* 4 * 



(36) 


ii(u))8titutinff into equation (36) from equations (34) and (35) 


/ kxAH 
W 4 - kr) 


(37) 


Thib is the same result which m equation (18) was obtained from sim- 
pler considerations Further work will Ix^ simplified by making the 
substitutions 




kj 

ki + kt* 


(ki Byt^ (kn 4 - kcyi^ 

(k, 4 - ' 

ko kt'S 

ko 4 - kc (^2 4 " kt)A 


(38) 

(39) 


In temib of these parameters, 

1-/3 A* _ + ^ + ^ 

'’■“14‘f + X^ r*“ '“‘f + X4-l 


(40) 


Equation (29) reduces to 


dA 

dt 


(k. + kt)A('* 



( kn 4- Xr)f^* kjA*^ 

(fcj + kr)A (k2 4- kdC* 

kt'S kjjA* 1 

(ku 4- kt)A {k> 4- #1,)-^ I 



( 41 ) 


(42) 


But f is just the ratio of the rate of termination to the rate of propaga- 
tion (the reciprocal of the kinetic chain length) which, as we have seen, 
is small. Likewise, fi and X were found to be the order of 10^. There- 
fore, the terms in the bracket will Ix' negligible compared to unity if long 
chains are produced. This permits a simple change in variable from 
time, t, to monomer concentration, A, in equation (28), giving 
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dA^ 

dA 


dA, 

dt 






(k^ 


m—i 

+ k,’S)A^* 1 / 


(ki + k,)A {kt + k,)AC* 2 (ik, + fe,)AC* 
But Am* A* r'*' HU that 

dAm ki} A* ^ 


(kf -|- kt) A 

(k,A 4- k/S)A* 


(fc, 4- kdAC* 


1 kcA**im — 

4- 


2 {k, + A:,) AC* 


From equation (40), 


r 4-X4- 1 


so that equation (44) reducen to 
dAm . /f “h X 4" 

«+^+«(r+T+i)'''' 

+ XI-., + ‘ + ' 


dA 


(i±±±f\\ 

V + X4- 1/ 


( 43 ) 


(44) 


(45) 


Thifl equation containn as special cases those distribution functions 
previously derivetl by probab^ty considerations. Thus for jS ~ X = 0, 
€ “ 1. i.e., neglecting transfer and supposing termination to be by dis- 
proportionation, we have, after substituting for r from equation (40), 

dAm / 1 \"* 

f*VTTr/ 


dA 


where a « 1 — is the probability of continuing the chain at any step. 
This is identical with the function derived by Dostal and Mark,” 
Flory” and Schul*’^ by a different method.’* In the case /3 =» X =» 0, 
€ « 0, i.e., supposing termination to be by combination of free radicals, 
equation (45) reduces to 

dAm 1 / 1 \"* 1 

» ( ) « ~ (I - (47) 

dA 2 * Vl+f/ 2 


Z«i. 


ofiffir. y. H. iour. Am. CImm. Soc. M: IS77 l«St. 

Z«H..>iyaUua. ChtM. Bit: «7. 1W$. 
m8m Q—, O. Tra. Far»a«y Soc tt: #09. If 
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which Ik identical with the modified function derived by to 

Accoimt for the molecular weight distribution in polystyrene. 

From equation (38)i it is clear that in the case of first-order initiation, 

is a function of monomer concentration. Consequently, equations 
(46) and (47) can represent the experimental molecular weight distribu- 
tion only at the very beginning of the polymerization. For samples 
more than 5 per cent polymerized, these expressions must be integrated 
with respect to A before comparison with experiment is made. If the 
initiation is second-order in monomer and chain transfer can be neglected, 
then i* is independent of A and equations (46) and (47) hold as they 
stand. This is conceivably the case in the uncatalyzed polymerization of 
styrene from solutions. However, in the absence of chain transfer, the 
mean molecular weight is also independent of the concentration of 
monomer. The experiments of Schulz” indicate, however, that the 
moleculai weight increases as the reaction proceeds, and we have seen 
how the mechanism we have proposed for initiation, together with chain 
transfer reactions with the solvent are able to explain his data. The 
parameter, X, which contains the rate of transfer to solvent, also con- 
tains il, the monomer concentration. Hence, if transfer is important, 
the distribution law will change as the reaction proceeds. Thus it is 
important that the per cent of monomer polymerized be known for every 
sample for which the molecular weight distribution function is to be 
determined.^^ 

iSchulz’^* has fractionated samples of polystyrene polymerized in 
solution without catalyst, as well as one sample of polystyrene poly- 
merized as a pure liquid. Equation (47) was found by him to fit the 
observed distribution curves within the rather large experimental error 
for all the samples polymerized from solution. The pure styrene, how- 
ever, appears to have a much sharper peak than equation (47) permits, 
as well as having a much higher maximum than can be obtained by any 
adjustment of the parameter. This sample was taken from a poly- 
merizate which was 60 per cent polymerized, so that one should not 
expect the unintegrated form of the distribution function to apply. 

For a first-order initiation reaction, we have from equation (38; 

f « (48) 


where ia the value of ( for the initial concentration of monomer, A o. 

Mills, O. ▼. ZttU siirMksl. Cb«a. Bat ti. Itt9. ^ 

Ai tUt WM b«sf writtos. • p«P«r by ■trlafOa, B. V., B Bsbsrisoat A., appMr«d in the Trani 
Faraday Son. SSt 4M* 1944. w&h tmaU iba ■olacvlar nraifhi dt^botum fua^M fr 


point pr aw ot od bm. but wHbont ra fa aaoca to any i 
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Changing variable in equation (46) from A to and putting X 0, 
eince there is no solvent, we obtain 


dAm 

W 


, {*f + m + d) (1 - d)-' 


+ dofo* 


(I + f)" 

(m - 1) (1 - *) 


(f + /3)‘ 


(1 - 
(1 + f)- 


(49) 


Since we are interested primarily in values of m > 100, we can make the 
approximations 

(1 — 

(1 + f)-" » e-»f. (60) 


Tlu' integration is then straightforward and gives 

•4i, ( / /'f 

--2r.V^ + -df 

][i7-t] 

/3* re-"f. e— fl /I - *\^ 

2 [i 7 ~ >■] 

g-mf 

The integral, / df, can be expressed in terms of the tabulated 

w/fo f 


exponential integral’* 


A f 




mf) — Ei(— mfo). 


(52) 


Equation (51) gives the number distribution. The weight distribution 
is obtained by multiplying by the degree of polymerization, m. 

This function has been applied to Schulz’s data for the case of ter- 
mination by combination of radicals, which seems to fit the experimental 
data slightly better. We have then € * 0 and 


,53, 


In riQURK 7 arc plots of mM./do versus m for different values of /8/fo for 
a sample 60 per cent polymerized. From equation (39) we see that 
kJ.C» 


S/U 


(*j» + kc)r»’ 


i.e., it is the probability thata growing polymer will 


W OfMiiM tttd cipoMntiftl WPA Coaputiaf Project. New York. N Y 
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« I licorrlu al muleiiiliit weight diatnbiition for first ordrr initiNtion < alruiated for Ati per t rnt 
polymerisation 

be terminated by transfer rather than by combination with another 
radical. Increasing the probability of transfer is seen to shar|ien the 
distribution as well as to reduce the height at the maximum. FiotJR*: 8 
shows the distribution re|>orted by Schulz as well as that given by equa- 
tion (53) for suitable values of and (i fo. No iiossible choice of values 
for these constants can ivproduce the height of the inaxinium indicated 
by Schulz. This circumstance led to a re-examination of the method 
used to detfumine the molecular weiglits. 

The “expeiimental" weight distribution curve is obtained by a graph- 
ical differentiation of the curve obtained by plotting weight per cent of 
polymer with molecular weight less than rn versus m. The molecular 
weights were obtained by measuring the viscosities of dilute solutions of 
the polymer fractions and applying the Staudinger formula: 

j (54) 

where M is the molecular weight. Km was determined by measuring 
the molecular weights of two of the fractions osmotieally. There is 
evidence, however, that equation (54) is not obeyed by all substances. 
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Fio\»k • 


of poljratyroav at m fuoctiOB of aolMiilar w««ffkt. Data from SUndiagcr 

(R«f •!) 


Th\w, ill polyiaobutylene,** Ibi* vi8co«ity is proportioiiAl to the .640 
power of the osmotic molecular weight. Fioube 9 is a plot of the 
logarithm of m olecular weight versus log c) for polystyrene, data 

pctirsjri*: '***• 




HVLBVRT, HARMAN, TOBOLSKY, AND EYRINQ HIGH POLYMERS 406 

from Staudinger." Although the points scatter considerably, it is cleai 
that the viscosity is far from proportional to the first power of molecular 
weight, in which case the line would be parallel to the 45®-line. For the 
region of high molecular weights, thest' data are much better repre- 
sented by 




(56) 


It IS, of course, not p<iHHible to fix the exjxjnent closely from these data, 
and no particular sigmficancc should 1x5 given the number Vxyonci the 
fact that it is an empirical result easy to compute with. 

The molecular w(»ights of the |>olystyrene fractions were recomputed 
from Schulzes data by equation (55) and the resulting weight distribution 
curve is labelled “recalculated'' in figure 8. This curve is much 
broader and lower than that given by Schulz and is easily fitted by thc‘ 
values fo = 6-4 X 10”S fo *= 0.5. The values fo - 10~*; /S f o = 0 
fit nearly as well. Thus, the data are not sufficiently accurate to permit 
a close calculation of the kinetic chain length, 1/f, or of the probability 
of chain transfer, However, the values induated are very neai 

those given in iable 2 obtained from the kinetic data, viz. 5.4 X 
10~^/Ao* » 1.8 X 10“^. A more reliable determination of the moleculai 
weights would make possible a much more precise detennination of these 
constants. 

For the case of second-order initiation, f is independent of monomer 
concentration, and equation (45) must be integrated with respect to X 
to account for the effect of chain transfer in solvents. Thus we have, 
since X = XoAq/A, 


dA,n 

dX 


X0A. 0 

JT 

X* 


(€f + X -h m + X + /?) 


+ ^ (I - «)f(f + X + ^)* , ( 66 ) 


M StMiaiiifwr, 
IMt. 


"I>t« llocliBiol«ktt|jirc lhpint9rhr Verhtmduageu ** Juliufl Spriager 


Berlin 
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-P « Xoe-"'^f> (f + + /S) + 

+ [(1 +.)f + 2^ + Mf(l -«)(f + l8) 

- m\a) - iiii- wX)J 

+ 1^1 + (-^) - e-^j| (57) 

For /3 = € a= 0, i.e., when there is no transfer directly to monomer and 
termination is by combination of growing polymer radicals, 

Am (I e-^\ 

~ * Xo<>— f 1 

Aq )2 \Xo X/ 

4* 4- 7/?Xo) — Eli— wiX)] 

4" 4“ 


(58) 


The equation is similar in fomi to equation (.61) except that the roles 
of X and f are interchanged. Thus, the form of the distribution curve 
is not sufficiently sensitive to the kinetics of the polymerization to 
establish the difference between first- and second-order initiation or the 
extent of transfer to the solvent from the existing data. Distributions 
based on a larger number of fractions might make a decision possible 
on some of these points. 


Number Average Molecular Weight 

The effect of chain transfer on the molecular w*eight is given by equa- 
tions (21) and (23) during the initial stages of the reaction. However, 
as the monomer becomes depleted, it is evident that the molecular 
weight of the product molecules decreases, so that shorter chains are 
formed at the end of the reaction than at the beginning. The mean 
molecular weight of the polymericate at hi|^ percentage conversion is 
then not given by these equations. The number average molecular 
weight is defined to be 
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where ^4^ is the concentration of w-mer. The sum in the numerator 
is just the total weight of polymer, i.e., (Ao) — (A), at any given mono- 
mer concentration (A). The sum in the denominator can be evaluated 
most easily from equation (45). We have 

d » ^ dAm 

1 J *** JA ’ 

a A ffi-s a A 

'Phe summations am easily made and we have 

w dAm /I 4“ ^ ^ 


<» dAm /I T* 


For first-order initiation, f * foAoVA* and X - XoAo/A. Making 
these substitutions and integrating gives 

£ = (1 + + Moln ^-hKAo-A), (62) 

m->2 A 

In *! + .'■ m 

fis A<,-A A -!.•'• + A'A 

Ao — A 

For small values of — (small conversions), this reduces to equa- 
Ao 

tion (21). 

For second-order initiation, t and are constants, and the integration 
gives 

£/!«■= + X,v4. In j, (64) 

1 /I 4- «\ XoAo , Ao 

IT* + l 

JPisr V 2 / Ao - A A 

Ap — . A 

which reduces to equation (23) for small values of ~ ‘ 
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Radical Initiation 

A third type of initiation occurs where free radicals are introduced 
into the system. Thus, addition to styrene of tetraphenyl succinic acid 
dinitrile, which decomposes to give Gomberg-type free radicals, acceler- 
ates the polymerization.** Triphenyl methyl azobenzene acts in a 
similar fashion. We have already considered the posidbility that 
benzoyl |)eroxide catalyzes styrene polymerization by an initial decom- 
position into radicals. Introduction of free radicals from decomposing 
metal alkyls has been shown to initiate polymerization,** as has the 
action of decomposing azomethane. There can be no doubt that free 
radicals, if present, can and do induce polymerization. This occurs, 
presumably, by the addition of the radical to the monomer to form a 
polymer radical capable of growth. A possible kinetic scheme has 
already lieen presented in the discussion of styrene polymerization. 


Conclusions 


From the standpoint of elucidating the mechanism of polymerization, 
it would b(» very desirable to measurt) rates in dilute solutions of mono- 
mer, since t hese data are more readily analyzed theoretically . Moreover, 
it is very difficult to determine reaction order accurately from data at a 
Hingh* initial concentration of monomer. Especially arc these data 
needed for the acid catalyzed polymerizations. Molecular weight dis- 
tribution curves, when sufficiently accurate, can be used to confirm the 
mechanism adopted on the basis of kinetic expeiiments, and, in addition, 
can furnish a decision as to the nature of the termination process. 
Improvement in the methods of determming mean molecular weights is 
necessary. The viscosity law, apparently, needs to be established 
expeninentally for each polymer in each different solvent if it is to give 
reliable molecular weights. 

In spite of these imperfections in the experimental data, a fairly 
consistent interpretation of the kinetics of styrene polymerization is 
possible based on the hypothesis that a low-lying triplet state in ethylene 
is capable of entering into the activated complex in the chain initiation 
process. Whether or not this is the correct interpretation remains to be 

seen, but, at any rate, it is one worthy of consideraUon. 

— — 


• W.K. io«r Am. ClMM.8w.lt: 1111 
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B. PHYSICAL PROPERTIES OF HIGH POLYMERS 


Polymeric materials in the rubbery state of aggregation are character- 
ised both by a long range and a local structure. The long range struc- 
ture is a polymeric network, the network units being composed of 
sparRely-occurring bonds between the coiled polymeric cliains. These 
bonds may be primary cross links, or secondary bonds such as dipole- 
dipole Iwnds, or regions of local crystallinity. The local structure is 
very similar to the local structure of liquids, the segments of the long 
chain molecules being in continual, fairly rapid motion, moving from 
one equilibrium position to the next.*^ It is desirable to construct a 
theory of the over-all physical properties based on molecular quantities 
such as the number of bonds of a given type per unit volume, the 
strength of these bonds, and the internal viscosity of the local liquid-like 
structure.** 


Characterisation of a Network 


The formation of three dimensional structures by cross linking has 
been discussed by several authors.** Incipient **geV’ formation acoord- 
mg to Flory starts when there is one cross link per two chains. Mate- 
rials that are in a state comparable to soft vulcanized rubber have this 
three dimensional structure, as witnessed by the fact that they swell 
rather than dissolve in likely solvents, and because of their highly retrac- 
tive elastic behavior. 

The structure is built up from cross linking between linear chains. 
One very important quantity characterizing the network is Vj the number 
of network junctures per unit volume. Another important quantity 
is /, the mean distance between neighboring network bonds projt*cted 
in a given direction. 

It is often clear that the network juncture bonds divide into definite 
classes, such as when primary cross links and secondary cross bonds 
are present. In this case it is convenient to indicate the t-th type of 
bond by the subscript i and define quantities Vi and f,. 

Let us suppose that the stress /, has distributed itself on the i-th kind 
of bonds. We wish to determine what is the average force that acts 
on each bond of type N, It can be seen that this is where Ni » pd,. 


** B«fn«aew om tb* •trvdvrv of solxaMne aMtorUb iacbiio Mark. ■. Ind. Emg. Cb«a. M#. 
MUK B. Cold Spriof HorW SrapoMO oo QuMtiUtiro BtAogr, f: f04. IMtt illlMr, T.. 
aiU«fc,B. Jour. Pbyi. ChoM. M: lit ZMdMmw. B. Uctort proMotod at Aai. C1m» 

Soc. wmttUng la BuffaW N. Y.. Bept«»lMr. IfM; BoPlt, 1. B. Traaa. Faradaj Soc. SB: BM. IMt. 
XattOMBa, W.. a Mac, k. Jottr. As. Choai. Soc. il: silt. IMO. 
oToMlky. i.. sHbrSf, B. Jour CboM. Phya. U: 1B« lt48. 

Mflwy. P. J. Joor. Phri Cbaa. M: lSt-140. IMf. 
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We shaii call n the number of bonds per unit area. Then if we call 
the number of bonds per unit length, we have v, * n JV,. 


The Statistics of Long-chain Molecules 


Having discussed the characterization of these polymeric networks, 
it is necessary to point out that the mobile chains between the network 
junctures can and do assume many conformations in consequence of the 
thermal agitation. In discussing the elastic properties of these su1> 
stances it turns out that it is of importance to know just how many ways 
a coiling molecular chain can assume a length x between its ends (or 
between juncture points in a lattice). Let us for simplicity assume that 
we are dealing with a hydrocarbon chain. The stable configuration for 
successive bond directions is believed to be the staggered configuration. 
Then the meanderings of the hydrocarbon chain can be described as a 
continuous path on a diamond lattice, each path being equally likely if 
we neglect the effect of steric hindrance. 

Suppose that the total number of bonds is n and the bond length 
divided by V3 is taken as the unit of length. The random walk on a 
diamond lattice problem turns out to be equivalent to the problem of 
finding the distribution in heads of a permy that remembers its last flip 
and has a % chance of repeating that flip. 

The result of a rather lengthy calculation is that the probability of a 
chain of n bonds having the length x is given by*^ 


p (,) as 


( 66 ) 


This formula provides a rigorous basis for the discussion of entropy 
elasticity of rubber-like materials. 


Rubber-like Elasticity 

From thermodynamics we can immediately derive the law 



(67) 


where r is tension and I represents length. Various considerations point 
to the fact that the term involving change of entropy with length is of 
great importance. For example the tension at constant extension has 
been claimed to be proportional to the absolute temperature. Also, 
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there is a temperature rise on rapid stretching of the rubber. However, 
the evidence is that both internal energy, E, and entropy, change with 
an imcoiling of the molecular chains. 

The entropy elasticity can be calculated in terms of the statistics of 
long chain molecules.*’' ** Let us stippose that there are altogether Z 
independent network units in a macroscopic piece of rubber. From 
the statistics of long-chain molecules it can be seen that the probability 
of a network unit having the dimensions x, y, z, is 

V{xyz) « (68) 


The network units are, to a large extent, interpenetrating, so that we 
can assume that they have a constant volume, v. 

The equation of state can be derived from the principle of Boltzmann 
relating entropy to probability, S ^ k\nP and from the relation 

l>etween tension and entropy, namely r ^ T * If one further 

X 

assumes that ^ — i where h is the unstretched length, then the fol- 

lowing equation of state can be derived: 


T 


/I //oyx 

u \io \i)) 


(69) 


The modulus of elasticity is therefore 

0 = C'pkT, (70) 

where is a constant of the order of magnitude of unity and p is the 
number of bonds per unit volume. 

It is to be realized that the characteristic network units are closed 
loops formed by cross links between chains. 


Unit PxxKCM of Deformation 

Consider a kinetic unit of a condensed phase at rest in a position of 
equilibrium at point A, but having the possibility of surmounting a free 
energy barrier and attaining a new position at point B, When no stress 
is acting, the number of times the kinetic unit jumps forward is equal to 
the number of times that it jumps back, so there is no net motion. How- 
ever, when stress is applied to the medium there is a twofold action. 
In the first place there is an elastic displacement in phase with the stress, 
and secondly, the stress favors motion of the kinetic unit from one posi- 


MOiith. B., a Jimtt, B. lod Enf. Cliea. St: St4. 1941. Sw earlitr work of Mojror, Mork, 
JCttlui, oaa Giitk rolorrod to ia tki« popor oad in roforoaot 87. 
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tbn of equilibrium to the next Mathematically fonnulated, the etreee 
is added as a linear potential to the expression for the free energy as a 
function of distance. The elastic displacement then occurs because the 
molecule has shifted its position of equilibrium in the free energy well, 
and the flow term occurs because the free energy of activation is lowered 
in one direction and raised in the other. 

For a cosine-shaped barrier it can be shown that the rate of strain is 
expressed in terms of the stress*^ as follows: 


da 

It 


Id^ 

Odi 


A 


2 sinh/ 


XXiXi 


( 71 ) 


where G is the elastic modulus, X the distance between equilibrium posi- 
tions, XiXi the area of the kinetic unit in the plane of stress. is 
the height of the free energy barrier and G is related to the curvature in 
the free energy well. The moduli associated with the local structure 
in all condensed phases is of the order of 10'^ dynes/cm* because of the 
nature of the forces between atoms. 


Equations of Motion for Network Structures 


The equations derived above are suitable for substances composed of 
smal l molecules, and the flow term has been applied in interpreting liquid 
viscosities. For network structures, it is necessary to modify the equa- 
tions so as to introduce the quantities and n defined in a previous 
section. Cross bonds of type i give rise to two terms in the rate of 
strain, an elastic term referring to the uncoiling of long chain molecules 
between these cross bonds, and a term involving the contribution of 
slipping and breaking at the cross bonds. The equation for the i-th 
type of network unit is*‘ 


ds 

lu 


Idf. ^ 


— 

h 


e~(Art/*r)2 8inh 


/A. 

2NJeT' 


( 72 ) 


where, as before, if U is the mean distance between bonds of type i pro- 
jected in the direction of stress, and vi is the number of such bonds per 
unit volume, then n, « l/U and iV*, » /, is the stress distributed 

on the t-th kind of network bonds and X« is the distance between equilib- 
rium positicMiB. 

An important question arises here, namely: Can the distance X< be 
correlated to U, so that n<X* is of the order of magnitude of unity, or is it 
true that the distance traversed in the unit process is of the order of 
magnitude of a few angstroms, as in the case of liquids? If X« is of the 
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aame order ae the distance between network bonds, then the equation 
of motion can be written completely in terms of v,, the number of net- 
work bonds of t 3 rpe t. 


da 

Jt 


1 df, kT * /, 

— — -4- + — 2 sinh — ^ 

C'fJcT dt h 2»JcT 


(73) 


where c^vJkT is substituted for Under suitable assumptions, it (‘an 
be shown that the formula presented in an earlier section for entropy 
elasticity gives rise to a modulus of as was shown in detail i>y 

Flory at this meeting. It must be remembered, however, that such is 
the case only if there is no change in internal energy on stretching, so 
that in many cases the modulus may be much bigger than the formula 
indicates. 

Combination of Unit Flow Processes 

In order to arrive at equations of motion for the medium it is necessary 
to make some postulate as to the way the stress distributes itself on (he 
unit processes of deformation, and how the motion of th(‘S(‘ units is 
reflected in the total motion of the medium. The most reasonable 
assumption is that the stress distributes itself on the unit processes in 
such a way that the rate of strain is the same for each of them 

Most of the interesting mechanical behavior of polymeric materials 
can be explained by assuming that three structural i icments of the net- 
work must be considered, namely: network units which are iield together 
by primary cross-linking bonds, network units held togethcT by sec- 
ondary cross-linking bonds, and the motion of the mobile chain seg- 
ments. The following equations of motion are appropriate • 


da 

dt 


primary network units 


1 dfi kT . 

— + w,Xj ~ 2 sinh 

Gi dt h 


/iXj 

WitcT 


da 

dt 


H('condary network units 


1 d/, kT t 

- > — + n,X, — 2 sinh 

0% dt h 


/jX2 


segment motioh 

dt 0, 


(74) 


(75) 

(75) 


• Since very small stress is operative on the individual units of the 
local structure (i.e. the segments of the long-chain molecules), the 
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hyperbolic sine can be expanded, giving an equation such as written for 
t^ segment motion, which is of a form proposed empirically by Max- 
well.*^*' 0i and 0% are entropy moduli of the order of 10’ dynes/cm* 
whereas 0% is of the order of 10“ dynes/cm*. The total stress is, of 
course, 

+ + 


We shall now discuss experiments that can be interpreted in terms of 
these equations of motion. 


Stress Relaxation at Constant Elongation 


If a polymeric thread \ye rapidly stretched to a given length, and held 
fixed at that length, the stress necessary to maintain that length decays 
as a function of time. For soft vulcanized rubber, Meyer** believed that 
there was an initial decay of stress and that finally a limiting stress was 
reached. However, Phillips** in very early experiments observed that 
the tension in a stretched band of India rubber appeared to contin- 
ually relax, and that after a year at room temperature the tension was 
approaching zero. He also observed that initially the stress was a 
linear function of log time, but that after a time the decay to zero (on a 
logarithmic time plot) became more rapid. 

From the equations of motion and the model of the molecular struc- 
ture, this behavior can be understood. In the initial rapid stretching, 
neither primary' nor secondary bonds have time to slip, so that the 
stress distributes on these bonds. Thereafter, bonds be^n to slip and 
reform, the weaker bonds first and the stronger after long perils of 
time. The slipping of bonds allows the long chains to coil into random 
rather than stretched configurations, and the stress is thereby released. 

Neglecting /i, the total stress is fi -b ft. Both of these decay accord- 
ing to the law 


tanh 


/.X. 


/ ®X 

tanh 


where k/ 


4NJcT 4N,kT 

GinX'kT 


2N,kT h 




(77) 

(78) 


If is of the order of unity, k/ is approximately three times the 
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natural relaxation frequency of the bonds, and the relaxation equation 
becomes 

tanh — ^ = tanh — ' — e“**'*. (79) 

AvJcT AvJcT 

If the stretching process involves no change in internal energy, 
/,® = 2fivhxkTy (equations [69], [70]) when* y is a function of the elonga- 
tion. However, /,® may be considerably larger than this if internal 
energy is changed. 

If /t° > / > AvikT^ ft plotted against log time will 1x3 linear. If on 
the other hand, /, < 4v{kT then Maxwell^s equation for the relaxation 
of stress will apply, namely, /i = const. 

A good approximate value for the number of secondary bonds per unit 
volume can be obtained by setting the initial slope of'the stress-log time 
equal to 2vJcT. The onset of the relaxation of stronger bonds should 
l)e indicated by a steeper slope. The energy of the bonds that are break- 
ing are obtainable from the time at which the relaxation of stress due to 
the breaking of these bonds becomes appreciable. (See reference*® for 
graphs.) 

Inasmuch as secondary lx)nd8 are formed by interaction between the 
long-chain molecules, it is not surprising to find that the number of such 
bonds depends on elongation and temperature. 

Other Experimentf Revealing the Nature of the Network Structure 

Another method for studying the strength and number of network 
bonds is to observe the behavior of these polymeric materials under 
constant stress. For these cases there is observed an initial deflection, 
followed by a creep. This creep becomes slower and for sufficiently 
small loads and small times a final limiting deflection appears to be 
reached if deflection is plotted against linear time. On a log time plot, 
much the same kind of behavior is observed as in stress relaxation. There 
is an initial linear slope followed by a steeper slope until finally the sample 
breaks (if the experiment is carried out for a sufficiently long time). 

The initial deflection is, of course, determined by the number of 
primary and secondary network bonds. The initial creep occurs because 
the secondary bonds start breaking and reforming in new positions, while 
the primary cross links have not yet started relaxing to any appreciable 
extent. The rapid creep before breaking is due to the breaking of 
primary cross links. The mathematical formulation of the creep curve 
in terms of the equations of motion presented here is given by Tobolsky 
and Eyring.** 
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Polymeric networks with a large amount oi primary croBS links cannot 
be extruded through ordinary machines. If the network bonds are 
mainly secondary bonds, these substances can be extruded, but the 
extnision rate is not a linear function of the pressure as is the case for 
Newtonian liquids which obey Poiseuille’s equation. The equations 
of motion used here give the following equation,*^ 


dV 2wlfPA 
Bp 
dV . 


, BpR U . BpR 16P 

cosh sinh 1 

% BpR 21 (BpRy 


sinh* 


BpR-X 


(80) 


where — ^ 1*^® volume extruded per second, p is the extruding pressure, 
at 

Xi 

R the radius and I the length of the orifice, B = — and 


2NtkT 

In FIGURE 10 are shown data obtained by 


kT 

A « n,X, Yer<W/*r) 

Dillon and Johnson*^ and oaloulateii curves obtained by adjusting the 
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two parameters A and B. From this data it appears that AFs ^ 15.5 
kcal. 

Breaking under load can also be interpreted in terms of this model 
and the emi^cal equation relating the life-time r of a thread holding 
a suspended weight Wy namely ,•* 

log T 5= — aW + 6, 

where a and b are constants from which the strength and numl)er of 
lx>nds can be determined. 


Effect of Local Structure on Physical Properties 

The motion of the mobile chain segments has a damping effect on the 
mechanical properties of the network much as if a viscous liquid had 
been impregnated in the pol 3 rmeric network. The natiure of this internal 
viscosity can be revealed by high-frequency mechanical and electrical 
experiments. The relaxation times for the motion of these segments for 
rubbery substances are of the order of 10^ seconds at room temperature 
compared to relaxation times of the order of seconds or hours for second- 
ary bonds, and years for primary bonds. High-frequency experiments 
too rapid to catch the relaxation of secondary bonds will yield values of 
the internal viscosity of 10*-10* poises.** This is to be compared to the 
very high viscosities that are measured by experiments such as extrusion, 
in which the resistance to flow is due to the necessity of breaking net- 
work bonds. 


Long Molecules in Solution 


When dissolved in a solvent with which there is no heat of solution, 
linear molecules will from probability considerations tend to assume the 
form assumed by a random chain. Recently an interesting statistical 
treatment of the extent of a random chain (that is, the smallest cubical 
box that will entirely contain the chain) has been carried out.*^ The 
result is that the most probable extent (projected in a given <lirection) 
of a chain of N links, each of which are of length a, is 1.32^iVW. This 
will then tell us the most probable volume occupied by long polymeric 
molecules in solution. 

Kuhn** had treated the viscosity of lohg-cham molecules in dilute 
solution, assuming that each molecule together with the liquid that it 
entraps can be considered as forming an immobilised particle, for which 
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the Einstein treatment of viscosity of suspensions is applicable. Using 
the statistical extent of chain, rather than the distance between ends of 
the chain as a measure of the amount of immobilized fluid, Kuhn’s treat- 
ment would lead to the following equation for the specific viscosity 

(81) 


where m is the average molar weight of each carbon atom plus its attached 
side groups, M the molecular weight of the chain, y the number of carbon 
atoms per freely orienting segment, and c the concentration in grams 
per liter. This, as will be seen, deviates considerably from the Staudin- 


ger law for which 



is proportional to M, 


However, at least for 


the case of polystyrene, the 0.5 power law holds better than the first 
power using Staudinger’s own data (see figure 9) and the value 7 1.5 

is reasonable. For other substances, empirical laws involving M to & 
power between 0.5 and 1.0 have been proposed. It would appear that 
more exact and extensive data correlating intrinsic viscosity with 
molecular weight are needed, as well as a more complete theory. 

The concentration at which the ‘‘extent cubes” around each molecule 
completely fill the volume of the solution is 


CXlQr* 


5.18T»'»3f»'* 


(82) 


For polyethylene of molecular weight 100,000, and 7 = 1 , this critical 
concentration is 32 gm. /liter. At any larger concentration the mole- 
cules would, therefore, start to interpenetrate, and new viscosity laws 
for this region are needed. 

It is to be noted that in these equations, 7 is the number of carbon 
atoms per segment, where the segments are freely orientable units from 
the point of view of calculating the statistical extent of chain, and do 
not necessarily have as large a length as the segment length calculated 
from viscosity measurement on molten polymers,** osmotic pressure 
curves and so on. For high molecular weights where branching becomes 
important, M in equation (81) becomes larger. 

-gsmmMtt, W., a afriaf, ■. Jour ^m, C1i«b Soc tt: 811S. 1940. 



STATISTICAL THEORY OF CHAIN CONFIGURA- 
TION AND PHYSICAL PROPERTIES OF 
HIGH POLYMERS 


By 

Paul J. Flory and John Rehneh, Jr. 

From the Eeeo LaboratorieBt Chemical Dwieiony Standard 0x1 Development Company, 

Linden, N. J. 

INTRODUCTION 

Polymeric molecules composed of long, primary valence chains can 
assume numerous configurations made possible by (^uasi-free rotation 
about single carbon to carbon bonds within the chain skeleton. The de- 
velopment of a statistical mechanical theory of chain configuration, based 
on the pioneering work of Eyring,' Guth and Mark* and Kuhn* has been 
particularly successful in explaining rubber-like elasticity of a number of 
substances composed of very long-chain molecules. In the undeformed 
state the chains assume configurations approximating closely to their 
most probable configuration. Deformation results in a displacement of 
chain configurations. Thus deformation is accompanied by a decrease 
in entropy, which is the major factor responsible for rubi)er-like elasticity. 

Another phenomenon closely related to elastic deformation is that of 
limited swelling of cross-linked, or vulcanized, high polymers in contact 
with solvents. The network structure is expanded by the dissolved solvent 
up to the point where the elastic forces in the chains of the network be- 
come counterbalanced by the tendency toward dilution by solvent. 

Various theories of chain configuration and their application to the 
deduction of relations between elastic properties and structure will be 
reviewed in the course of the following discussion. Special attention will 
be devoted to the effects of low chain flexibility due to hindered rotation 
about single bonds of the chain. A new model for network polymer 
structures which provides an alternate procedure for deriving elastic 
characteristics will be described. 

CHAIN CONFIGURATION DISTRIBUTION 

The probability distribution of the distances between the ends of a 
set of long chain molecules is of foremost importance in the treatment of 
problems relating to the deformability of high polymers, particularly 

M: 98. 1M4. 
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those possessing network structures. Outh and Mark’ and Kuhn’ con- 
cluded that the probability of a length between r and r -f dr for the vec- 
tor connecting the ends of the chdn, which is free to assume irregular 
configurations at random, is given by 

Wir)dr « (4/3*/iri'*) exp (~ /3V*)r’dr, (1) 

where is a parameter, the value of which will depend on the length of 
the chain and its fiexibility. In Cartesian coordinates 

W{ry z)dx dy dz — exp [— + ^ + ^)]dxdy dz, (lO 

where the origin of coordinates is taken at one end of the chain and y, 
2 , dxdydz defines the volume element containing the terminus of the 
vector leading to the other end of the chain. 

The relative numbers of chains of various lengths r ('^displacement 
lengths”) are shown graphically in figure 1. The most probable length 
Tmuxi f he average and the root mean square lengths are given by 

* 1/ft (2) 

t - V47i//J, (3) 

Vrt = V372//». (4) 

Eyring^ has derived a general relationship between r*, and the number 
Z of bonds in the chain, the length I of each bond, and angle cd between 
successive bonds. For tetrahedral bond angles (u » 109.5**) and free 
rotation about each bond, Ey ring's relationship reduces to** • 

* 2PZ. (5) 
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Hence, for the case of free rotation 

/J = VS/iZP. (6) 

Upon substituting equation (6) in (!'), Kuhn* and Guth and Mark* were 
able to express the probability distribution of chain displacement lengths 
r as a function of the chain contour length, Zl (or Zl sin a>/2). 

If rotation about the chain lionds is accompanied by u sym^netncal 
hindrance potential, then according to Eyring and co-workers^ equation 

(5) requires no modification. Such a symmetrical hindrance potential is 
represented by 

U = f/o(l - co8w^)/2, (7) 

where 6 is the angle of bond rotation and n is an integer. The angle Bt of 
rotation about the i-th bond is defined as the angle between bond t -h 1 
and its projection in the plane defined by lK)nds t — 1 and t. If, in 
analogy with the situation in the ethane molecule, there are three equal 
minima (n = 3) associated with rotation about each l)ond, the distribu- 
tion of chain displacement lengths as defined by equations (1), (5), and 

(6) is unaffected by the hindrance potential. 

Steric effects in long polymer molecules are certain to disrupt the sym- 
metry of the bond rotation hindrance potential. This dissymmetry is 
likely to be accentuated when large substituent groups are attached to 
the chain. Recently Bunn* has called attention to the tendency in long- 
chain molecules (e.g., polyethylene, rubber, and polyesters) for the bonds 
to assume a ‘‘staggered configuration,’’ the equivalent of the planar zig- 
zag structure having B equal to zero. In other words, B ^ 0 frequently 
represents the lowest minimum in the bond rotational potential. S(- 
quences of bonds in the planar zig-zag form should occur in such cases 
The average length of these sequences will depend on the depth of the 
potential minimum for 9 » 0, and on its depth as compared with minima 
for other values of B. Such a chain would consist of numerous straight 
(planar zig-zag) sequences of bonds joined together in an essentially 
haphazard fashion. 

The above analysis represents an oversimplification. In any actual 
case, the hindrance potential for any given bond will depend on the ar- 
rangement of its nei^bors in a complicated manner. Without attempt- 
ing any detailed analysis, Kuhn* considers that hindrance of rotation 
about chain bonds necessitates replacement of the single bond of length 
I by a larger unit composed of a bonds as the freely orienting segment. 
Z must then be decreased by the factor l/s and I must be replaced by the 

/..aivrii^K. Jour. Am. Clwa. Soe. M; liM. l§at 
*BtinA. O.W. Proc. ftoy.^TIW: 8t. 194t. 
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length of the average freely orienting segment. There is no apparent 
necessity for abandoning equation (1) or for changing its form. Only fi 
requires revision. Since it depends on the inverse first power of the 
les^jth of the segment and on the inverse square root of the number of 
segments^ fi should decrease somewhat with a decrease in flexibility of the 
chain. The average displacement lengths will increase approximately 
as the square root of the average equivalent segment length. This seg- 
ment length remains a rather indefinite quantity. 

Bresler and Frenkel* have attempted a quantitative treatment of the 
effects of hindered rotation on chain configuration. They assume a po- 
tential given by equation (7) with n = 1, which is sufficiently great to 
limit the average rotation angle J to moderately small values, i.e., 
Va » RT, They derived an expression that may be written 

r^//* =* 3Z(l — cosa>)V(l + C08«)(l — cos?) (8) 

and showed that the value of ^ is related to the potential f/o according to 

cosS« L{Uo/2RT), (9) 

where L is the Langevin function. Substituting equation (9) in (8) and 
recalling that eos w ^ — 1/3, one obtains 

-L(lh/2RT)], (10) 


Table 1 


U9* (cal./mole) f/o (cal./mole) 


( r » (hindered rotatio n) 
r* (free rotation) ' 


9000 1000 5.48 

3600 400 3.49 

1800 200 2.67 


Tile ratio of r calculated for hindered rotation using equation (10) to r 
for free rotation using equation (5) is shown in table 1 for several values 
of the hindrance potential f/o. In drawing comparisons between these 
potentials and those for simple molecules such as ethane (3600 cal.),^ 
propylene and acetone (600-2000 cal.),* it must be home in mind that 
Bresler and Frenkel used a potential function with a single minimum, 
i.e., n 1 in equation (7). These simpler molecules possess three poten- 
tial minima (n » 3). For the small displacements from 6 » 0 assumed 
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by Bresler and Frenkel in the development of their theory, the shape of 
the potential curve near its minimum is approximately the same regard- 
less of whether n = 1 or 3. But in order to make the two curves coin- 
cide in the vicinity of 0 = 0 it is necessary to let l\* for n = 3 equal 
9 f/o for n *>= 1. Both Uq and f/o* values are included in table 1. In 
the case of natural rubber, the hindrance potential should Ihj of the order 
of 1000 cal. or less, in analogy^ with propylene. The corresponding 
Uo* * 9000 cal. leads to a considerable increase in r over the free rotation 
value. However, if other minima, possibly a few hundred calories above 
the lowest, were taken into account, this length would 1 h' appreciably 
decreased. 

We conclude, therefore, that hindianc(‘ to lotation about bonds of 
the chain will generally increaM^ the mean displacement length of the 
chain over that which would prevail for fr(*e‘ rotation. How(‘ver, this 
increase will not be manyfold. If the chains aie v(‘iy long th(* mean dis- 
placement length will remain only a small fraction of tlic‘ chain contour 
length. The expansion of the configuration with increasing hindrance to 
free rotation should exert a noticeable effect on the viscosities of dilute 
solutions of the polymer; the more extended the configuration tht* greatei 
will be the viscosity of the solution for a given chain contour length at 
the same concentration.^ ® 

THE MODULUS OF ELASTICITY 

The fact that the foim of the distribution function (1) for very long 
chains does not depend on hindranct* to rotation about chain bonds is of 
the utmost importance. The parameU'r is de|)endent upon chain 
flexibility, but in the equations for elastic constants deiived from (1), ^ 
does not appear, 

Guth and Mark^ showed, as a consequence of equation (I), that the 
modulus of clast icit.v of a vulcanized rublier should lie proportional to the 
absolute temix'rature and to the numlxu* of chains, i.e., to the numbiT of 
cross linkages in the network structure. 

Kuhn^ derived a more explicit expression for the modulus of (‘lasticity 
E from equation (1). In the uudeformed state Kuhn considered that 
the rublier ^‘molecules” confoiin to the distribution of chain displacement 
lengths given by equations (1), or (1') and shown in figure 1. Defor- 
mation produces a transformation of the distribution of chain displace- 
ment lengths to a new, less probable, distribution. Taking z to be the 
direction of the elongation, Kuhn assumed that the ^-component of the 

M. L. Jour Phyt. C'brni 4t:911 ltf8B,4t:4S9 1989, Jour. Applied Pby* 10,700. 
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vector connecting the chain ends would be increased by a factor a, 
where a is the ratio of the final to the initial lengths of the sample. The 
X- and v^KSomponents were assumed to be decreased by the factor 
since there is no change in volume on stretching rubber, except at high 
elongations. This assumption, which is baac to Kuhn’s derivation, de- 
fines the new distribution as a function of the degree of deformation. 
From a consideration of the ratio of the probabilities of the deformed 
and the initial distributions, there is obtained for the entropy change on 
stretching 

AS- -|fcK(a- D*. (11) 

where p is the number of '^molecules” in the sample and k is the Boltz- 
mann constant. Since the change in heat content on moderately stretch- 
ing rubber is small, the free energy change on stretching is 

AF S I ikri-(a - 1)*. (12) 

Letting / represent the force of retraction at length L, E the Young’s 
modulus of elasticity, A the cross sectional area, and V the volume of the 
sample, 

/ * {BAF/dDr = (l/Lo)(dAF/da)r = SkTuia - l)/Lo; 

Ko » (lMo)(d//da) » ZkTp/AJ^ « ^kT{v/V) = ZRTp/M, (13) 

The subscript '‘zero” refers to the undeformed state (o = 1). The 
quantity p/V is the number of chains per unit volume of rubber; p is the 
density of the rubber, and is the molecular weight of one chain. 

In Kuhn’s earlier work there seems to be no clear conception of the 
nature of the entity which he termed the rubber "molecule.” In subse- 
quent papers he has recognized that the element of the network structure 
of a vulcanized rubber is the chain between two cross linkages. In his 
original paper on rubber elasticity he apparently considered such a chain 
to be a free and independent unit. Actually, its end points are con- 
strained by their connections with the rest of the network. In consider- 
ing the "molecule” (i.e., chain) to be an independent unit (which, if it 
were, would display no permanent elastic properties since it would be 
free to relax through internal reorganization), Kuhn sought to take into 
account lateral deformations of the molecule as well as changes in its 
length. ^ In th is way he arrived at a coefficient of 7/2 instead of 3/2 in 
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equation (11); in his expression for the elastic modulus corn^sponding to 
equation (13), Kuhn obtained a coefficient of 7. 

Wall has recently simplified the mathematical procedure for deriving 
the entropy change on stretching a vulcaniscMi rubber. Starting with 
the distribution of lengths given by ec^uation (1) and making the same 
assumption Kuhn employed regarding simple transformation of the j, 
y and z components of the r vectors, Wall obtains 

AS « - kp{a^ + 2/a - 3)/2, ( 1 1') 

which reduces to equation (11) for small deformations (a ^ 1). He has 
recognised from the nature of the network structure of a vulcanizc^d 
rubber that only the ends of the chains are constrained to now (averagt^) 
positions as the direct result of deformation. From equation (IT) then* 
is obtained 

E * kT{v/V)(l + 2/a») (13') 

= RTp{\ + 2/a*)/3/„ 

which reduces to equation (13) when a » l.« n 
Bresler and Frenkel* attempted to treat the problem of th<‘ elastic 
reaction of long chains by employing a dubious atialog>^ to diffuKion 
theory. After correcting errors in numerical factors, introduced in the 
reduction of their equations, Bresler and Frenkel’s treatment leads to 

E » 2pPI\ (U) 

Contradicting experimental evidence that E increases with the first 
power of r, equation (14) contains the temperature raiseil to the second 
power. The derivation of equation (14) is liased on a questionable 
analogy rather than on any straightforward application of statistical 
mechanics such as has been used by Kuhn and others. Furthcimore, 
Bresler and Frenkel's equation (14) is limited to values of l\ » kT. 

Recently the authors'* have carried out a statistical treatment of 
elastic properties of three-dimensional network stnicturt^s which avoids 
entirely the necessity foi the basic assumption of Kuhn and of Wall, 
namebs their assumption regarding the simple manner in which the 
chain-length distribution is tranaforme<l by macniscopie defoimation of 
the sample. As an approximation to the actual structure we consider 
»i wirtl, F. T. Jottf. Chem. Fhjaic* !•: IW. 4M 1949 

*' Am eqiuUM dadilAr to (t V] hot bora obUlnrd by Ooih. > , A Jamoo. K. M Ii<«l bus Cbcui. 
Sit ftt4. It41» 

^ Vai^iMautkor* (•M.foroumpIc.OottaliK. MosuiahofUfttr CbouiieTl: 144 IffU Vtltti.S. 
MouUwrfU fir ClMUiic ft : 444. IMS) Iwy« obUiaed or dOcuMcd eqoutioM for the (orc« of rotroctiwn 
whioli laduMito that the rubber abould abrink to aero hwfth upon reau>val of the tenelou Th» ab- 
•urdity w the roeult of failure to take into account the raudom orirntationii of the initial r > cctora with 
reauect to Um ittre^ou of aOeteh. 

1^0 be puUidMd. 
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a network in which all chains (i.e., portions of the stmcture between two 
consecutive cross linkages) arc of the same size, i.e., contain the same 
numlier Z of chain atoms. Each cross linkage represents a junction of 
four cluiins. The positions of the opposite entis of these four chains de- 
fine a tetrahedron. The central junction in question may occupy any 
one of numerous positions, and the probability of any one position will 
depimd on the distance to the four comers of the tetrahedron; that is, on 
the diaplac(‘ment lengths of the four chains leading to the respective 
comers. 

We assume that the average restrictions to which each junction is sub- 
jected by the network in the undeformed state can be replaced by those 
which would result if the four near(‘st associated junctions were fixed at 
the comers of a regular tetrahedron. A deformation of the rubber pro- 
duces a corresponding defoi mation in the (dementary tetrahedron. The 
motlel is shown in kiourk 2. The point H represents the central junction 



in question. 'The four chains are represented schematically by wavy 
lines. The probability that the central junction lies in a volume element 
at P will dep<‘nd on the product of four functions given by equation 
(1), wherc» the i , assume the four values for the distances from P to Ay 
By Cy and D. This probability decreases with the distance of P from the 
center 0 of the tetrahedron. Integrating througliout space we obtain a 
probability for the undeformed network stmeture. l^poii repeating the 
same calculation for the defomietl tetrahedron and comparing the proba- 
bility 80 obtaine<l with the alwve, the entropy of deformation is found to 
be 

AS = ~ 


k(cr -h 2/a - 3) 
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per cross linkage. Multiplication of thc' above equation by the number 
p/t of cross linkages leads to equation (11') for tlu* entropy of deformation 
of the entire stock. 

The equivalence of the expressions obtained by two such diverse 
procedures is reassuring. Equation (13') affords a simple relationship 
i)etween the fundamental elastic constant PJ and the most important 
parameter describing the network striictun*, iiainc'ly, thc conc(*ntration 
of cross linkages. 


SWELLING PHENOMENA 

When a high polymer is placed in contact witli a suitable solvent, the 
polymer is observed to swell as the n'sull of imbibition of the solvent. If 
the polym(*r molecules coiwist of (‘ssentially linear 'chain structures of 
finite size' (though the> may be very larg(') this swelling process is limited 
only by tin* amount of solvent available; the polymer is said to dlssolvi* 
compl(‘tely. If, however, thc polymer po8ses.ses a continuous n(*t work 
structure, as in the case of a vulcanized rubber, tlu* amount of liquid ab- 
sorbed will reach a limit beyond which no further swelling will occur 
The greater the numl)er of cross bonds in the gel thc less it will swell 
when in contact with a given liquid. In the case of a loose'’ gel struc- 
ture, sw'elling may excised a fiftyfold increase in volume; a tightly vulcan- 
ized rubb(*r will swell only two- or threefold. 

According to thc* most plausible explanation which has l)c»en ad- 
vanced^'^ for this phenomenon, absorption of solvi‘nt is due to osmotic 
“forces.” The conscMjuent expansion of thc* polymer network stnicture 
may be regarded as analogous to an elastic dc'formation. hvcpiilibrium is 
attained when the osmotic forces are balanced by thc elastic rc*action of 
the network structure. Solvent in the gel then is in (*([ullibriuni with 
c*xce8s solvent. Specifically, the condition for swelling equili!)rium re- 
quires that the partial molal frc.H» enc*rgy of thc solvent in the g(*l shall 
equal the molal free energ>' of the unabsorlx*d solvent; for c*(|uilibrium 
with pure solvent, aF^ = 0, where 

aP, = + aP..,, nr,) 

APn. I l)eing the osmotic and AF .,1 the elastif' contribution to the partial 
molal free energ>’. Alternatively, 

aFi = aUi - - TaS, ,. 

The term TASm.i arises from the mixing of the chains with soivcmt. 

**S«e for exanple, ftonkol. J. AcU Pfaywcochimica UhSB f: 28S. 1088, OtM, O. Trani. 

rMmdmy Sor. M: 418. 104t. 
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Recently Hu^na^^ and Flory^^ independaitly carried out statiatical 
mechanical treatments of pol3rmeiH9olvent mixtures which are in close 
agreement with the observed thermodynamic behavior of such 83 r 8 t 6 m 8 .^* 
On the basis of these investigations the partial molal entropy (due to 
mixing) of solvent in a mixture containing a volume fraction rs of polymer 
of very high molecular weight is ^ 

ASm.i » - if [ln(l - vt) + Vi] 

« Rvi [Vi/2 + v^/Z +...]. (16) 


The entropy change due to deformation (expansion) of the network 
can be readily calculated from the tetrahedral model previously dis- 
cussed'^ in connection with the derivation of elastic moduli. Swelling 
merely magnifies the tetrahedron in proportion to the volume change. 
From the resulting change in the number of available states per junction 
we find 

aS... = - RpV,vt''*/M,, (17) 

where p is the density of the polymer and Vi is the molar volume of thc‘ 
solvent; the ratio of the volume of the gel to that of the initial imswollen 
gel is 1 ^ 2 . Hence 

aFi « aHi + RT [ln(l - Vi) + Vi + pYiVi^t^M, ] . (18) 

From this equation the activity of the solvent can be calculated as a 
function of the concentration and of the degree of cross linking in the 
network. 

From the extent of swelling at equilibrium (aFi » 0), the molecular 
weight per chain, which is inversely proportional to the concentration of 
cross linkages, can be calculated from the equation 

Af, - - pFif,*'*/ [{CJix/RT) + In (1 - d,) + «'»). (19) 

If the heat of dilution can be neglected and the degree of swelling is 
large, i.e., if cs is small, 

(19') 


Three-dimensional network structures such as occur in rubber vul- 
canitates evade most physicochemical experimental methods because of 
their insolubility in all advents which do not destroy the structure. 
Equations (19) and (19') provide a basis for evaluating polymeric ma- 


: 440. 1041. Joar. Pky*. Chmm. U: 141. 
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teiials poBsessing such structures. The equilibrium swelling method is 
made especially attractive by the facility with which such measurements 
can be carried out.^* 

SUMMARY 

The statistical theory of the configuration of long |)olymer moUn^ules 
has been examined in the light of more recent knowledge^ conceniing 
hindrance of rotation about single valence carbon to carbon bonds. The 
farm of the equation expressing the distribution of distances between the 
ends of the chains is unaffected by hindrance to rotation. In general, 
the average distance between chain ends is increased by hindrance to 
rotation. However, this increase will seldom be but a fraction of the 
difference between the chain “displacement length” and the contour 
length of the chain. 

Various methods for calculating elastic moduli of polymeric materials 
possessing network structures (e.g., vulcanized rubbers) have been dis- 
cussed. A new treatment developed by the writers leads to a force- 
elongation function identical with that derived by Wall by a revision of 
Kuhn’s procedure. 

Swelling of such materials by solvents can be treated as a combination 
of osmotic dilution opposed by the elastic reaction of the swollen network. 
Ek^uations are derived for computing the concentration of cross linkages 
from the equilibrium degree of swelling. These equations should 
particularly useful in the elucidation of the structures of gels, which evade* 
most physicochemical methods of attack because of their inherent 
insolubility. 

Mleott. J.m Trana Inat Rubber Ind f. 9. IttdD, Blow, O. M.. * BtomlmrMr, F. Ret tra\ 
thim. 4t: 881 1980. Whitby, O Btoiio, A B. A , * FMtomoek, D • Trana Faraday Hoc 

St: too 1048 




THERMODYNAMIC PROPERTIES OF SOLUTIONS 
OP HIGH POLYMERS: THE EMPIRICAL 
CONSTANT IN THE ACTIVITY 
EQUATION* 


By Maitujck L. Huggins 

From the Research I laboratories, Eastman Kodak Company, Rochester, N. K. 


INTRODUCTION 

According to Raoult’s law, the thermodynamic activity (ui or aj) of 
each component of a solution is equal to its mole fraction (Ni or N2) in 
that solution. For solutions containing only small molecules, this law 
is known to hold well, if the heat of mixing of the components is negli- 
gible. For solutions of high polymers in small molecuh* solvents, how- 
(*ver, this is not the case*. Such solutions show very large deviations 
from Raoult’s law, much larg(‘r than can be accounted for by the ob- 
served heats of mixing. 

These deviations can be attributed to a large (*ntr ,^y of mixing effect, 
a result of a randomness of orientation of each segment of the solute 
molecule chain relative to the adjacent segments. 

Using the methods of statistical mechanics, Flory’ and the writer*-^ 
(independently) have calculated the entropy of mixing of binary solu- 
tions of flexible long-chain molecules in small molecule solvents and have 
arrived at the following equations for the activities of the components. 


In a, In Vi + I 


1 Vi + miKs*. 

(1) 

In «2 = !n V 4 1 


\Vi + ^ MiVi". 

(2) 


Here Vi and V2 are partial molal volumes. Vi and V2 are volume frac- 
tions, and Ml is a constant characteristif; of the pair of components. 
This constant is the subject of the present paper. 

These equations — either of which can be deduced from th(‘ other by the 


*Conmunic«tion No. 890 from the Kodek Reeeerch Laboretoriee. 
trionr. 9 . Jour. Them. Phye. f : 080. 1041; 10: 01. 1»4«. 
•ButSlno. U. L. Jour. Cbem. Phye. f : 440. 1841. 

•■Uffino, M. I.. Jour. Phya. Them. 40: 101. 1942 
«B3gliio, M. t.. Ann. N. T. Arnd. Sci. 1. 1942. 
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Flui «k. 1 Varultou mitb molv fraction of tbe actnitiei of the componenti of a binary aolution, for 
\arioua valuer of Vi/Xi (indicated by the numbera alongside thecur\es), with M| equal to aero. The un* 
numbered curves of ai are for the partial molal volume ratio equal to 8 and 10 for this ratio equal to 100, 
(be curve is praiticalU identical with that for a ratio of 1000 


(iibt)h-Duhfm-Margule« relationship — have been tested*” • with experi- 
mental (lata from a wide variety of systems and have been found to 
agree satisfactorily with thew data. 

Fioure I shows the dependence of the activity vs, mole fraction curves 
of the components on the partial molal volume ratio, Vj/Vi, according to 
the foregoing equations, for mi equal to zen). Figures 2, 3 and 4 show 
activity vs, mole fraction and activity vs, volume fraction curves for 
other values of For values of greater than a critical value, given 
by the equation (1), 

/iiCcrit.) « J[1 -h (Vi/?, )»'*]*, (3) 

these curves are 8-shaped, indicative of separation into two phases. 

TH£ DEPENDENCE OF mi ON THE HEAT OP MIXING 

The magnitude of mi depends on several factors, perhaps the most 
important being the heat of mixing. From thermodynamics, one can 
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Klavas S. Activity (<n) a* it function of mole fraction lor Ti/Vi - KK), with certain value* of M|. 


show that the expression for In ai must contain a term Li/UT, where 
Li is the partial molal heat of mixing of component 1. If, lollowing van 
Laar,’ Scatchard/ and Hildebrand,® we assume Li to lx» given approxi- 
mately by the relation 

I, * (4) 


A'l,* being a constant depending on the ‘‘internal pressures” in the pure 
liquid components, then one of the additive terms cxintributing to mi 
has the magnitude K^i VxfRT, 

Since equation (4) can hardly be expected to hold accurately at high 
concentrations of component 2, mi should be expected to vary consid- 
eraUy with concentration at high values of Vt^ in cases in which its 


\I.WL Jour. Am. Clmai. Soe. ST: ( 
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FtocHS S Activi(> (di) ft volume fraction, according to equation (1), (or ■* oo, with 

enrtain valuri of Mi 


magnitude ih determined pnmarily by the heat of mixing. This may be 
the cause of the apparent variation of with composition in certain 
solutions. (See l)elow, under the heading “Variation of with Con- 
centration.”) 

Hildebrand* relates A'l * to the molal energies of vaporization of the 
pure liquid components by the equation 


K 


1»2 * 


mr-iwi 


(5) 


If equations (4) and (5) were strictly true, the partial molal heat of mix- 
ing would obviously always have to be positive. Actually, heats of 
mixing are frequently negative. In such cases, one should be especially 
cautious about assuming equation (4) to hold, with Ki,^ constant, and 
therefore alx>ut assuming mi to be invariant with concentration. 
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V. 



FiouKi. 4. Activity (ai) r# volume frertioo. for Vt/Vt equal to 100 (lii^hter linei) and 1000 (heavier 
linea), with certain valuea of Mi. The non-realiaable portiona of the acti\ily riirvei are shown daahed. 

THE DEPENDENCE OF mi ON OTHER FACTORS 

Even with no heat of mixing, the statistical mechanical dt»v(»lopment 
leads to a finite value of mi» in the following way. The cxpreHsion 
derived for the activity of component 1 W (see etjuation (36) of refer- 
ence 4) 

a. = F. (l - ^ F,) " *(’ ’ vi) exp , (6; 

in which is the effective average coordination numbt'i* of the solvent 
molecules and solute submolecules. Taking the logarithm, this gives 
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Since 


In ai 



/ RT 



equation (7) may he put in the form 


In - In Vj + 







RT 

For very large molecules, this reduces to 


In Hi * In Fi -b ^ 

' Vi\ 1 


RT 


( 7 ) 

( 8 ) 


(9) 

( 10 ) 


For z', one may reanonably aanume a value between 5 and 10. There- 
fore, at low concentrationH {V 2 small), this theoretical treatment would 
indicate a value of of 0.1 or 0.2, in addition to other contributions. 
The term in Fi* and higher terms are small, even at high concentrations, 
and may Ixi neglected. 

For hypothetical long-chain molecules assumed to be composed of 
segments, each consisting of a rigid string of submolecules (equal in 
sise to the solvent molecules), the statistically derived equation for 
In a I is identical with equation (10), except for the replacement of z' by 
yg\ where y has a value in the neighborhood of 2 (for several submole- 
cules j)er segment). Changing to this molecular model from one in 
which the chain is flexible at every connection between submolecules thus 
merely reduces the contribution to mi discussed in the preceding para- 
graph to about half its already small value. 

Confflderation of the statistical development shows tliat the assump- 
tion that the several suVmiolecules of each segment are in a straight 
line IS of no importance; the imixirtant fact is that a certain proportion 
of the joints between submoleeules is inflexible. The shape of each ssg- 
ment is therefore unimportant; increasing its volume (reUUive to that of each 
solvent molecule) modifies etiualtons (/) and (sS) only to the extent of making 
Ml slightly {about O.t, at most) less positive. 

In tKe chain-molecule model just discussed, aero flexibility was 
assumed at a fraction of the joints between submolecules, complete 
flexibility being assumed for the remainder. Qualitatively, at least, 
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this model should be equivalent — as regards entropy of mixing calcula- 
tions — to another in which there is some flexibility, but only a limited 
amount, at each joint. One may conclude, therefore, that the activities 
of the components in a solution of chain molecules depend to only a 
slight extent on the flexibility of the chains. A large decrease in flexi- 
bility makes mi slightly smaller in magnitude, if positive, or larger, if 
negative. 

In deriving equations (1) and (2), the entropy of mixing was computed 
on the assumption of perfect randomness of mixing of the two molecular 
species. This assumption is certainly not correct if the density of attrac- 
tion energy between like molecules is either larger or smaller than the 
density of attraction energy between unlike molecules. (This language 
is admittedly not precise, but it expresses the fundamental idea.) 
There will be a tendency either toward aggregation or toward solvation. 
The effect of this tendency on the heat of mixing is approximately 


taken care of, as indicated above, by the inclusion of a term 



V2^ 


in the expression for In Oi. The effect on the entropy of mixing may be 
approximated by considering that y (the average number of alternative 
sites for each submolecule, except the first, in the chain polymer)* * 
changes as F* increases, in accordance with the relation 


- KyVt^ (11) 

dyt 


In general, one would expect ky to have a positive sign for a positive 
heat of mixing (Li), the agglomerization of the chain molecules reducing 
the number of available sites for each succeeding submolecule. For a 
negative heat of mixing it would seem that the sign of ky might lx* either 
negative or positive, depending in part on whether any decrease in 
flexibility of the chain molecules resulting from the attraction of solvent 
molecules to them (solvation) outweighs the increase in flexibility 
resulting from the fact that each chain submolecule has fewer other 
chain submolecules adjacent to it than for purely random mixing. 

If equation (11) is assumed, the equatiofi deduced for In ui is identical 
with equation (1) except for the substitution of mi ~ ky for ni. At 
least for positive values of Li, this means that the effect of the unequal 
molecular attractions on the entropy of mixing produces a term con- 
tributing to fit which is opposite in sign to the term resulting directly 
from the heat of mixing. Probably the entropy contnbiition is normally 
smaller than the heat contribution. 
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From the foregoing discussion one may predict that, if hi/RTVi^ 
is positive and not too small, mi will also be positive, but smaller in 
magnitude; if is zero or positive and small (perhaps less than 

0.2 or 0.3), Ml will be positive and small (perhaps 0.1 to 0.3); and if 
Li/ftTFs* is negative, mi will have a smaller negative value. 

THE DEPENDENCE OF mi ON TEMPERATURE 

A rise in temperature should make the departures from perfect mixing 
smaller. Both the heat of mixing contribution to mi and the contribu- 
tion to Ml of the entropy of mixing resulting from imperfect mixing of 
the components should therefore be smaller in magnitude the higher the 
temperature. For these contributions we may reasonably assume in- 
verse pioportionality with the absolute temperature. A rise in tempera- 
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ture should also increase the flexibility of the chain molecules; this 
would make mi slightly less positive. The other contributions to mi 
just discussed are relatively small and probably not much affected by 
temperature changes. 

Tentatively, then, we may assume the variation of with tempera- 
ture to be given by the relation 


Ml = «i + ~ , (12) 

/Si lx»ing related to Vi, the molal volume of the solvent, by the equation 

/3i = 7i + fiiVi, (13) 

at least when comparing solvents that are sufficiently similar in other 
respects. These relationships are in agreement with data** on poly- 
styrene-alkyl laurate gels, as shown in figures 5 and 6. 

Values of ai and pi computed for the nibber-bcmzene systx»m and for 
solutions of oleyl oleate in n-hexane and in cyclohexane are list-ed, with 
the polystyrene-alkyl laurate values, in table 1. 



Fiovkk 6. Dependence of d, on the moUl volume of the small molecule component, for potystyreu 
alkyl Uurate gels. 
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Tabu 1 


VaLVBS or CBBTAIN CONSTANtS 


Compooetits 

|ti(25*C.) 

at 


Oleyl oieste-cyclohexane** 

•f 0.37 

- 0.92 

386 

Ole^ oleAte-i»-hexaiie** 

+ 0.83 

-0.41 

220 

Rubber-bensene'^ 

+ 0.44 

+ 0.37 

20 

Polyst3rrene-ethyl laurate'* 

+ 0.47 

- 088 

388 

Polyttyrene-^propyl laurate” 

+ 0.62 

- 0.83 

431 

Polystyreiie-isopropyl laurate** 

+ 0.71 

-0.83 

460 

Polytt3rreiie~f4-butyi laurate** 

+ 0.74 

- 0.83 

467 

Polystyreiie-isobutyl laurate” 

+ 0.85 

- 0.83 

500 

Pol^yrsna-iBoamyl laurate'* 

+ 0.91 

-0.83 

518 


VARIATION OF mi WITH CONCENTRATION 

Most of the experiifiental data available for computing mi values for 
polymer solutions are for low concentrations of polymer. For practi- 
cally all of these solutions, mi Is constant within the probable experi- 
mental error over the concentration range studied. 

Even for solutions and gels of high polymer concentration, mi w 
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apparently quite independent of concentration m many cases (figures 
7 and 8). For the rubber-benzene systems, in fact, this constancy 
extends over the whole range from pure benzene to pure rubbei . 

Calculation of /ni from Posnjak’s'* swelling-pressure data on various 
rubber-solvent systems in the range between Fa * 0.15 and Fa « 0.6 
shows it to depart significantly from constancy only in the two instances 
for which its value is largest (figure 7). Although the apparent lack of 
constancy in these cases may be the i*esult of experimental inaccuracies 
at high swelling pressures, it is just as likely that the deviations are 
real, for reasons discussed above. 

VALUES OF Ml FOR DIFFERENT SYSTEMS 

In lABLE 2 are collected values of mi foi a large number of different 
systems. Insofar as mi is constant ovei the composition range of interest , 
the variation with concentration of the solvent and soluU* activities 
may be computed, using these mi values, by means of eipiations (1) 
and (2). 

lABI^fe. 2 
Values ofmj 


C'omponenifl 

Ml 

Temperature 

rc) 

Ilubbe^'beIU(etle 4* 10 per cent ethanoP^ 
Rubber-carbon tetrachlonde*^ 

026 

25 

28 

15-20 

Rubber-camphor** 

29 

180 

Rubber-cymene** 

.33 

15 20 

Rubber-cycloliexane** 

33 

6 

Rutbber-t^rachloroethane** 

36 

15-30 

Rubber-chloroform** * 

•PwaJ^ B. K«tt.*Ckcai. IM. f : 417. If 1«. 
MBfwIltrttr, P. Jour. Cke». hoc ff 18 Ifff 

37 

15-30 
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Table 2 (Continued) 
Values of Mi 


Components 


Rubber-cumene^’ 

Rubber-light petroleum** 
Rubber-s^ichloroethylene** 

Rubber-toluene**' ** 

Rubber-bensene**' **• “• *•• ** 

Rubber-chlorobemsene** 

Rubber-tbiophene** 

Rubber-carl^n disulfide** 

Rubber-amyl acetate*^ 

Rubber-benxene + 15 per cent methanol** 
Rubber-ether** 

Rubber-f<dichloroethane** 

Polyethylene oxide-water** 

Polystyrene-bemsene** 

Pol 3 r 8 tyrene-toluene** 

Polystyrene-ethyl laurate**- •* 

Polystyrene-n-propyl laurate*** ** 
Polystyrene-isopropyl laurate**' ** 

Polystyrene -n-butyl laurate**' •* 
Polystyrene-Mobutyl laurate**' •* 

Polystyrene 'ttoamyl laurate**' ** 

Polyvinyl cbloride-tetrahydrofuran** 

Polyvinyl cbloride-dioxane** 

Hydrogenated polyindene-bemsene** 

Copolymers of polyvinyl oliloride and polyvinyl ace- 
tate-dioxane" 

Chlorinated polyvinyl chloride-dioxane** 

Qutta percha-carbon tetrachloride** 

Qutta percha-toluene**' *• 

Qutta percha- beusene** 

Balata-toluene** 

Hydrorubber- toluene** 

Cyolised rubber-toluene** 

C^ulose nitrate-cyclohexanone**' ** 

Cellulose nitrate-acetone**' *• 

Cellulose nitrate-acetone**' *^ 

Cellulose nitrate-acetone**' *• 

Cellulose aoetate-tetrachloroethane**' ** 


Ml 


Temperature 

(^C.) 


.38 

15-20 

.43 

25 

.43 

15-20 

.43 

27 

.44 

25 

.44 

7 

.45 

15-20 

.49 

25 

.40 

25 

.50 

25 

.51 + 

15-20 

.63+ 

15-20 

.46 

27 

.2 

5 

.44 

27 

.47 

25 

.62 

25 

.71 

25 

.74 

25 

.85 

25 

.91 

25 

.14 

27 

.52 

27 

6 

5 

.4 

27 

.37 

27 

.28 

27 

.36 

27 

.52 

25 

.36 

27 

.46 

27 

.46 

27 

.15 

25 

.19 

20 

.26 

22 

.30 

27 

.8 

24.4 


uXrospsU^H., 4 Brumihafsn, W. Ber. tl: t44l. im. 

MOsspart, W. A. Jour. C'hcB. Sor. lOf: S189. 1914. 

»099, O. Truna. Faraday Soc. U: 1171. 1940. 

**(le9. Q. Tram. Faraday Soc. M: 109. 1949. 

wjjtsm. A. A.. A PtUn. ■. lad. Eng. Chem. U: ItSS. 1941. 

*itaualllfsr, iu A fisohsr, X. Jour, prakt. Chcm. IfT: 19. 1940. 
«lfmr7X.H..iroU!.lM ABolS90OnM,0.a. Helv. Chin. Acta U: 490. 1940. 
MfUtmtaehw. H. See Mojnr. X. B., A Mark, B. Ber. #1; 1999. 1998. 

•WoM, I. HeW. ChiB. ArtaM: 499. 1940. 

•♦The valuea ckwacteriatic ol cellul^ eatera depend Barkedly on the degree of eaterification. 
•BalasoBBag. 0. O., A Majar. X. B. Uelv. C'hiB. AcU M: 789. 1997. 

MDttolaus. 4.. A Wallmaa, I. CoBpt. rend. Ul: 1980. loil. 

— Jour^ckiB. ph^a. at: 90. 1989. 


T. Z. phyailt. CheB. AlTf : 917. 1990. 

•Bagfai^Oj. A vaadar A. 1. A Helv. ChtB. AcU It: 484. 1940. 
»Xaiu, A. 1., A Patara, B. Ind. Eng. CheB. t4: 1097. 1 
MBMTAatal. 

«tlaii4lafar, B.. A fehaaidart, J. 


1949. 


Ann. Ml: 191. 1999. 
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Most of the data on which the values of in this table ait* bascni are 
for quite dilute solutions. In the few eases for which the data indicate 
a dependence of mi on concentration, the value in the table is that ob- 
tained from the data at the lowest concentrations. 

SUMMARY AND CONCLUSION 

The importance of mi results from the fact that th(* activities of the 
components of a binary solution (of polymers or otherwise) can be 
computed quite accurately over a large range of composition, once the 
value of Ml for the system in question is known. In this paiK*r the 
available empirical information about values of mi and about the varia- 
tion of Ml with temperature and with concentration has lieen collected 
and the theoretical dependence of mi on these* and other factors has Ix'en 
discussed. 

Discussion of the dependence of mi on the* specific chemical nature of 
the components wall Ik* le*ft for another paper. Studies of this dej)end(*nce 
can l>e made with the aid of data on solutions containing only small 
molecules as well as with data from ixilymer solutions, since, to a pretty 
good approximation at least, mi is independent of the molecular weights 
and volumes of the components. 

In conclusion, the writer is pleased to acknowledge his indebtedness 
to Mrs. Dorothy Owen Davis for help with the calculations required 
for the preparation of this pn|x*r. 
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INTRODUCTION TO THE CONFERENCE ON 
SULFONAMIDES 

By C/OLiN M. MacLbx)d 

New York Umvcisity College of Medtctne, Niw Yoik, N. Y. 

In tlie short spare of time since their introduction, tlir sulfonamide 
drugs have been the cause of a radical change in the approach to chemo- 
therapy, not only as it has affected their own use, but that of unrelated 
compounds also. There arc several reasons why this has occurred, 
among which may be mentioned the relatively bimple chemical struc- 
ture of the parent compound, bulfanilamide, the ease with which the ac- 
tivity of this grou]) of comjmunds can be tested experimentally both in 
vitro and in vivo, and the emphasis early in the course of their study on 
tlie importance of understanding their disposition in the body. As a 
consequence, rapid advances have been made in tiu* development of 
more potent derivatives, in modifications leading U .i favorable distri- 
bution in the body and at the same time re<hicing the toxicity, and also 
in the knowledge of the mechanism of their antibacterial action 

The jiajier of Dr. lloblin and Dr. liell, which is here presented in ab- 
stract form, is concerned with the relation of certain physicochemical 
jiroperties of sulfonamides to their antibacterial action In Dr. Shan- 
non’s communication, an account is given of the relation of the jdiys- 
icochemical structure of a series of compounds to their physiological 
disposition. From the observations recorded in these jiapers it is evi- 
dent that considerable progress has been made in relating structure to 
function. However, as pointed out by Dr. Van Dyke, the information 
available on the toxic action of sulfonamides does not permit general- 
izations enabling one to predict the toxicity of a potentially useful com- 
pound in terms of its structure or some* other physicochemical char- 
acteristic. 

The important subject of primary and secondary inhibitors of sulfon- 
amide activity is discussed by Dr. Kohn. In the final paper of the 
series, Dr. Ijockwood deals witli the therapeutic action of the drugs, 
particularly as it is related to the nature of the infectious process. 

( 447 ) 




THE RELATION OF STRUCTURE TO ACTIVITY 
OF SULFANILAMIDE TYPE COMPOUNDS • 


Bv 

Richabd 0. Roblin, Jr., and Paul H. Bzx.l 

From the 

Stamford Laboratortea, American Cyanamtd Company, Stamford, ConnectmU 


GENERAL CONSIDERATIONS 


For some time we have been interested in the relationship which it 
seems should exist between the molecular structure of sulfanilamide 
type compounds and their chemotherapeutic activity. Our approach 
to this problem has been through an attempt to utilize some fundamental 
physical property which is related both to stnicture and activity. 
Several factors must be considered Ijefore such an approach to this 
problem can be made. First, a reasonably accurate and reproducible 
method for the evaluation of chemotherapeutic activity is essential. 
Second, the mode of action of the compounds is of great importance. 
Finally, a fundamental physical property relaU»d to both structure 
and activity must be found. If the bacteriostatic ai’tion of sulfanilamide 
type compounds is due to a competition with Uie required p-amino- 
benzoic acid, then the more closely the competitor compound resembles 
this acid, the greater should be its blocking or bacteriostatic effect. 
Dissociation constants were selected because this leadily measurable 
prof)erty furnishes a means of comparing the relative positive or ni'gative 
character of various chemical groups. 

The present theory is based on the experimental observation that the 
acid dissociation constants of N'-substituted sulfanilamide derivatives 
are related to their chemotherapeutic activity.^ If these constants are 
plotted against the activity, a smooth curve is obtained, which passes 
through a maximum as the acid strength increases Both the acid and 
base constants of more than one hundred sulfanilamide type compounds 
have been determined. The base constants all fall within narrow 
limits, whereas the acid constants vary over a wide range (<10**“ to 
10”*). We believe that the correlation between acid constants and 
activity is directly associated with the relative negative character of the 


•A (UUalad duoufuon of the relation of structure to activity in jy»HaaUan»ide-type 
and the m^ihcatioiui of the tlieoiy are given in the paper by P U Bdl R O Roblin, Jr , in 
thn Journal of the American Chemical B«lety, volume M page IMl At the C onferenn of 
Sulfonamldee in April, 1941, the data presented in this paper were discussed m detail by the authors. 
An abstract of the material is p r esented in this article (Editor) 

> BaU, S., a Boblla, B. O., Jr. Jour. Am. Chem. Soc M: $903 1949. 
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80i group. Geometrically it can be shown that the SO* group of the 
sulfonamides and the CO* ion of p-aminobenzoic acid are very similar. 
Since the CO* ion is a strong negative group, it seems logical that the 
more negative the SO* group, the more closely it will resemble the CO* 
ion. The theory may then be stated as follows: the more negative the 
SO 2 group of an N^^vhetituied sulfanilamide derivative^ the more hacteno- 
static the compound will be. 

The acid constants can be shown to furnish an indirect measure of the 
negative character of the SO* group. Naturally, the proportion of ions 
to molecules will vary with acid strength in a buffered medium. Since 
it appears that the SO* group in the ionized form is more negative, it 
follows that the ionic form of any sulfonamide should be more active 
than the molecular form. However, it also appears that the negative 
character of the SO* group decreases with increasing acidity. Therefore, 
the more acidic the sulfonamide, the less negative the SO* group of the 
ionic and molecular forms, and the less the bacteriostatic activity of 
either form. Up to a certain point this factor will be more than com- 
pensated for by the increasing proportion of the highly active ionic foim. 
Consequently, as acid strength mcreases, bacteriostatic activity should 
increase until the change in the proportion of ions to molecules is less 
significant than the decreasing activity of both forms. The net result 
of these interrelated factors may he used to explain the appt‘arance of a 
maximum in the curve relating acid strength and bacteriostatic activity. 
A minimum is also predicted in this curve when the sulfonamides are so 
weakly acidic that the ionic form can be neglected. 

Since the acid constants are related to both the structure of an N'- 
substituted compound and its activity, an indirect correlation between 
structure and chemotherapeutic activity is established. Knowing 
something alxiut the relative positive or negative character of the 
N'-substituent, it is possible to predict with considerable accuracy the 
activity of a new sulfanilamide derivative of this type. A detailed 
discussion of the relation of structure to activity, and the implications of 
the theory, are given by Bell and Roblin,^ 

CHEMOTHERAPEUTIC ACTIVITY 

As pointed out in published data,* the basic strengths of the p-amino 
groups of p-aminobenzoic acid and the sulfanilamidcs are of the same 
order of magnitude [(0.5-2.3) x In view of the fact that these 

variationj^ were small and could not be correlated with activity, they 
were considered not be be important in determining activity, as long as 
they fell in this range of basic strength. It then was possible to quan- 
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titatively treat bacterial activity as a function of the acidity of the 
sulfonamide group. 

As pointed out above,* the problem is apparently one of obtaining a 
proper balance between the acid strengthening effect of the R group and 
the formal ionic charge on the sulfonamide nitrogen to give the maximum 
over-all negative character to the SO 2 group. Branch and Calvin* have 
sho^m that the dissociation constant of an organic acid can be predioU'd 
quantitatively by an equation of the type 

log K « log AT, + 11 na^ (1) 

whore Ka is the acid constant of the parent acid, /« the inductive con- 
stants for each atom or group other than hydrogen, a the fraction that 
reduces the inductive effect for the transmission across each bond, and 
i the numl)er of bonds through which the effect must be transmitted. 
Ir multiplied by 2.3 RT then becomes a potential and has the units of 
free energy. 

Assuming that bacteriostatic activity is pioportional to the potential 
of the SO 2 group, then, when the total activity is due almost entiiely to 
the highly active ions (pK^ 2-11), 

2.303 RT log {k/xCa) « 2.303 /2r[o(12.3 - /«a) - /««*], (2) 

where Cr = minimum molar concentration of a sulfonamide required to 
exhibit a given bacteiiostatic activity, attributing all activity to the 
ions; x = fi action of the total concentration of the comiiound in ionic 
form; k = propoitionality constant (determined experimentally) to 
adjust the potential energy of the SOa to expeiimental conditions, Ir; 
a, as defined for equation (1), (12.3 — Ina) = inductive effect of the 
ionic charge reduced by the effect of Ir on it , /j^a* « inductive effect on 
R on SOa diiectly. 

As a first approximation, resonance and polarizaticn effects were 
neglected, and a was taken as 1/2.8 (the value of Branch and ('alvin* 
for a covalent bono ) ; then 

log ^ » 4.04 - 0.255 Ir. (3) 

xCr 

Using Branch and Calvin's inductive constants for various radicals, 
it was found that Ir was a linear function of the pKa values of th<* corres- 
ponding sulfanilamides, and given by the following equation 

/j» « - 1.33 pK. -h 13.88; (4) 

also, for any acid at pH 7 (where the tn vitro tests were made) 

pK^ « 7 - loga;/(l - x). (5) 

* Braiieh, O. S., a Oalfin, M. "Tfa« TTliMry of Orgonle Chemistry.*' PrenUoo-IUU. lae* 
New York* kv. mi. 
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Substituting equations (4) and (6) in equation (3), we have 

log l/Cn + log k ■« 3.23 + 0.661 log x 4* 0.339 log (1 — x). (6) 

At conditions of maximum activity (log l/r* » max.) 

dlogl/Cjt ^ Q 0>339 , 

dx * X 1 — X ' 

X » 0.661 at maximum activity. 


This corresponds to a sulfanilamide derivative with a pKa of 6.7 as 
calculated by equation (5) and agrees very well with the experimentally 
observed maximum. This value of pKa for maximum activity is 
independent of the tn vitro tests and depends only on the inductive 
effects of the R groups. 

Using the experimental maximum activity, log \/Cr = 6.1 ± 0.3, 
k may be evaluated by substituting log 1/Cr = 6.1 and x = 0.661 in 
equation (6) and solving for k. 

The final ion activity equation is then 

log 0.001/C* = 3.23 + 0.661 log x + 0.339 log (1 - x). (7) 


A simDar equation may be derived for the activity of the un-ionized 
form 


log 


0.001 

(1 - X)Cr 


= — 1.3o 


2/*a*, 


( 8 ) 


from which it can be shown that its contribution toward activity will be 
small except for very large pK^ values. 

Combining equations (8) and (3) we may show that 

which means that any ion is approximately 10^ ^ times more active than 
the corresponding molecule. Now, if C* (un-ionized) = C* (ionized) 
log (1 — x)/x = 4.85 

and pKm must be 11.85 to fulfill this condition. At this pKa, log 2.0 
should be added to log l/C* from equation (6). In this way, the ion 
activity curve was corrected for the molecular activity at pK^s greater 
than 10, and the total activity curve drawn. 

At pH 7 the experimental and theoretical curves are in very good 
agreement from pKm 10-5, but at lower values of p/C* the compounds 
are less active than predicted. The limitations in the development of 
the theqiy form an important factor contributing to this deviation. As 
pointed out by Branch and Calvin, an exact equation of the type of 
equation (1) diould contain summation teims for the polarization and 
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resonance, as well as the inductive effect. While polarization is probably 
a function of pK^f the relationship cannot be readily established experi- 
mentally. On the other hand, resonance is probably dependent on the 
specific character of the R group, and no general relationship between 
resonance and inductive effect can be established. In equation (2) 
polarization and resonance have been neglected, and therefore a is not 
equal to 1/2.8 (the simple covalent bond value) unless these effects are 
small. Where R is not too electronegative (weaker acids) the value 
used for a probably is a good approximation. However, as R becomes 
strongly electronegative, the SOj-N-R bonds should become more 
ionic, and a should be greater than 1/2.8. Such an increase in a would 
give l>etter agreement between the theoretical and experimental curves 
in the low pKc range. 

These arguments have assumed that the sulfonamides could freely 
reach the site of action and that the concentrations at this point are 
equal to that of the bulk of the medium. If the competition l)etweon 
p-aminobenzoic acid and the sulfanilamides takes place within the 
bacterium, then the permeability of the bacterium to the sulfanilamide 
becomes important. Cowles* believes that the bacterial wall is im- 
permeable to the ionic form of the sulfanilamide and that the activities 
of the compounds are determined only by the acid strength that regu- 
lates the quantity of un-ionized forms which may diffuse into the cell. 
A large amount of evidence has appeared in the literature concerning 
low ionic diffusion through living membranes.* In this connection the 
recent electrophoretic work of Bradbury and Jordan, ‘‘ concerning the 
effect of sulfanilamidcs on the mobilities of E.coltf may throw some light 
on the diffusion into bacteria. For sulfanilamidcs that are very highly 
ionized, this ion-blocking effect may be important and contributes 
toward the deviation of the experimental and theoretical curves, for 
compounds with pKa values greater than 5 

Cowles' theory does not satisfactorily explain the results of Fox and 
Rose* or Schmelkes and associates.^ Fox and Rose calculated the 
p-aminobenzoic acid to sulfanilamide ion concentration ratios, at the 
point of reversal of inhibition, for four sulfanilamides of varying degrees 
of acidity. These same ratios may be calculated from the data of 
Schmelkes and associates, from which it may be shown that 


•CMta, P. B. Yale Jour. Biol, a M«d. 14: m. ItM 
^ -VoM Sprinc^ Harbor Symposia on QuaBtitatiTS Bioloor, 

Bioebo% Jot^Tit: fST. iMi 
. Soc. Etp. Biol, a Ifed. M: 14t. 


•|4b,O.JL, aioM, H.lf. Proe.S 


1440. 

It4t 


• ra, O. JU., • SOM, H. M. Pros. Soc. £tp. Biol. « ifteO. m: IM. im _ _ 
^>l^«MttM,y.O., WpM, O., lUrki,B.O., Xiiidwif,B.J.,aStrMwlcoy,r.B. 
B«p.Biol.aMs4.44:l4i: fut. 


Pros. Soc. 
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[p»ainmo beazoic acidj 
[sulfanilamide ion] 


decreases as •pKa decreases. 


We have extended these measurements to more acid compounds and 
have found the same results. This observation is in agreement with the 
proposed theory; that is, that the ionic form of the more acid sulfan* 
ilamides is less active. 

The experimental measurements are presented in more detail in 
reference 1. The effects of polarity, ionic character, and geometry of 
N' substituents on the activities of sulfanilamides are also discussed, 
from the standpoint of ability to compete with p-aminobenzoic acid and 
absorption into the blood stream and bacterial cell. 



THE RELATIONSHIP BETWEEN CHEMICAL 
STRUCTURE AND PHYSIOLOGICAL 
DISPOSITION OF A SERIES OF 
SUBSTANCES ALLIED TO 
SULFANILAMIDE * 


Br J A. Shannon 
From the 

Department of Medicine, 

\( w York University CoUege of Mediant 
and 

The Research Service, 

Third Medual Division, , 
Goldwater Mi mortal Hospital, 
Welfare Inland, New York 


The activity of a chemotherapeutic agent results from its ability to 
participate in or interfere with some phase of biological activity. The 
specific as W’cll as the over-all activity of the agent, however, is condi- 
tioned to a considerable extent by those factors that determine its abil- 
ity to reach the specific site of action, the concentration it achieves at 
that site, and the length of time an effective cor *'ent ration is main- 
tained. It follows, therefore, that a change in chemical structure that 
is accompanied by a change in physiological disposition will have im- 
portant consequences to the over-all chemotherapeutic* activity of the 
resulting substances. A change in the chemical structure of an agent 
that produces a desirable effect or removes an undesirable effect from 
the standpoints of absorption, distribution, or excretion may also be ex- 
pected to have effects on the specific activity of the substance. Conse- 
quently, a chemotherapeutic agent (m the present scries, an antibac- 
terial agent) must have two completclv different sets of characteristics 
for it to be generally useful. The first of these relates to the host, the 
second to the bacttiium. The following discussion is limited to a con- 
sideration of some of the characteristics of compounds allied to sul- 
fanilamide that relate exclusively to the host 
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Information haa been obtained on the distribution and excretion of 
some 30 derivatives of sulfanilamide and closely allied substances 
The distribution studies define the distribution of each compound in 
the body as a whole and in specific organs, and the facility with which 
each passes the blood-bram barrier. The excretion studies were per- 
formed in a manner that permits an estimation of the extent to which 
a com{)ound participates in processes of renal tubular excretion or 
IS reabsorbed in the renal tubule. The extent to which either of these 
processes proceeds, togetlier with the rate of filtration, determines the 
over-all excretion rate of a compound. Observations have also been 
made on the ability of each compound to form reversible combinations 
with the nondiffusable constituents of plasma, presumably plasma al- 
bumen 


EXPERIMENTAL TECHNIQUES 

The presentation will be somewhat simplified by a description of ex- 
perimental techniques in relation to the physiological disposition of a 
single substance Most of the distribution studies were performed on 
cats However, a sufficient number of observations were made on the 
dog to indicate that the data may be more generally applied The ani- 
mals were lightly anesthetized with nembutal, an abdominal incision 
made, the renal pedicles ligated, and the wound closed. A known 
amount of the substance to be examined was then injected intraven- 
ously Blood samples were drawn at one and two hours or at the ter- 
mination of the experiment, at which time a sample of cerebrospinal 
fluid was withdrawn from the cistema and samples were taken of brain, 
lung, liver, pancreas, muscle and sciatic nerve. 

The blood samples were centrifuged immediately and the separated 
cells and plasma refrigerated until analysis. They were then diluted 
and the protein removed by precipitation with trichloracetic acid at 
high dilution The tissue samples were ground with washed silica or 
in a tissue homogenizer. Sufficient trichloracetic acid was added to 
precipitate the proteins completely. The resulting mixture was ex- 
tracted w ith gentle agitation for 30 minutes and the protein-free filtrate 
separated by centrifugation and filtration. The analysis of sulfonamide 
concentration was by a commonly accepted method.f^ 

The data contained in table 1 are derived from such an experiment 
with sulfanilamide, but, as in the tables that follow, the presentation is 

t All MOOpouiKb tiudiMl am raeov«f»U« quantiUiivol^ when added to plwma provaliiic riawna 
ntniaia Vtv^lation u at a high dilution Recovery from mueole and bram la moompltte la iao- 
lated eataa. However, there la no laataaee where recovery w auAeuntb incomplete to warrant m* 
tenahre eenunant hare (aae leferaoM m footnote, page 456) 

•BnMttt, A. O.. *lIanbAn,B.X.,l». Jour. Biol. Cham. Hi: fS7. IMt 
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Table 1 

The DisTBiBunoN or Sulfanilamide in the Cat 

9 Nembutal IIKK)— plaama — 3.10 mg. % 

KidiH^a ligated 

10K)0-~27.8 mg./K. aulfaiiUamidc 12:00 —Bj pla8mA-<2.88 mg. % 


Plasma 

concentration 

liatio: 

Tissue Samples 

concentration in tissues 
concentration in plaama/0.93 

Volume of 
diotribution 

mg. /ml. 

2.88 

Muacle 

1.07 

CSF Brain 

0 73 0 70 

% B(HJy Weight 
96.r» 


limited tu the data from a few rci)re8entative tissues Tlic experiment is 
quite typical in that a distribution equilibrium appears to havt* lM*en 
approximated at one hour, because the plasma concentration of siil I anil- 
amide at that time is much the same as at the end of the two-hour in- 
terval. It is apparent from the data that sulfanilamide not only dif- 
fuses readily into all tissues** ® hut it is localized in the cells of many.'* 
This conclusion stems from finding tliat the volume of distribution of 
the sulfanilamide is in excess of the water content of the Ixaly and that 
the ratio of the sulfanilamide conceiilration in tissue t«> its concentration 
in plasma water is greater than is true for water itself Were sulfanil- 
amide freely diffusible throughout the body and not localized in any 
tissue, its volume of distribution would be in the order oi magnitutle ot 
65 per cent of the body weight and the tissue/ tilasmu distribution ratios 
would be considerably lower than those observed. On the other hand, 
if the sulfanilamide were largely retained in an extractllular pohitioii. 
it would have a volume of distribution ol the order of magnitude of 25 
to 30 per cent and its distribution ratios would lie of the order of mag- 
nitude as those of sodium or chloride. In the case of mu.scle, this would 
be in the range O.H u) 0.12.* The preseiuT ot sulfanilamide in a rela 
lively high concentration in the cerebrospinal fluid is in keeping with 
the observations of others® and indicates that the compound penetrates 
the blood-brain barrier quite freely. The absence of a concentration 
identical to that of plasma is in part due to the factoi of plasma 
binding, in this case about 10 per cent, and probably in part to a fairly 


■ItanlMll. B. K.. Jr., BaMrsoa, X., * Cutting, W. C. Jour Phurm and Kxp Tbrr/-^ §i: 
It®?. 


>PalBtM*,B.B. Am. Jour. Pliyaiol. Itf : 744 1940. 

* WUtrhoOM, A.. A BltMilloa, J. A. Proe. Soc. Exp. Biol, and Med 40: 451 

• Mift, J, F. Ann. Bee. Phpaiol. 4: 00. 1»4«. 
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rapid turnover of cerebrospinal fluid so that complete equilibrium is not 
attained. 

It will be of some value, before proceeding farther, to examine some 
of the potentialities and limitations of the experimental preparation. 
The ligation of the renal pedicles makes available a reasonably normal 
animal in which the compound under study is contained in a closed 
system. It is to be expected that a dynamic equilibrium will be estab- 
lished between the concentration of the unbound substance in the fluid of 
reference, i e , plasma water, and its concentration in the other compart- 
ments of body fluid. The elimination of renal excretion may be ex- 
pected to facilitate studies on the distribution of compounds in that it 
stabilizes the equilibrium concentrations that are achieved. 

A change in the plasma concentration of a substance subsequent to 
the attainment of an initial equilibrium under these conditions is an in- 
dication that a change in the chemical structure of the compound has 
occurred, or, that there has been a change in the biological activity of 
some of the large groups of cells in the body The latter of these two 
factors need not complicate the inteipretation of the data in such a situ- 
ation since it may be excluded by properly planned experimental pro- 
cedures It 18 to be expected in the case of the sulfonamides that the 
free aiyd amino groups will become progressively conjugated. It is 
predictable that this change in chemical structure wdll produce a gen- 
eral lowering of the concentration of tlie substance in the plasma and 
in all tissues but not in the plasma /tissue distribution ratios of the 
parent compound In so far as a chemical modification does occur, 
however, it w^ould surprising if the resulting compound were charac- 
terized by a distribution in the lx>dy that was identical to that of the 
parent compound It should be possible, therefore, to use the prepara- 
tion in a limited fa.shion in the exploration of the extent to which a 
change in chemical constitution occurs subsequent to the introduction 
of a compouml into the body, to follow the rate of the change and, in 
certain cases, to obtain some indication of the nature of the chemical 
modification The use of the dog somewhat simplifies the experimental 
conditions because* this species does not acetylate compounds of the 
present series to any considerable extent The evidence obtained rela- 
tive to this as])ect of the study will not receive extended consideration 
at this time The exiieriments selected for presentation are limited to 
tlioae of two hours’ duration. This interval is ample for the establish- 
ment of a stable diffusion equilibrium within the body, but is too short 
for the study of changes in distribution resulting from a change in the 
ohemieal structure of the compound under investigation. 
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It must be appreciated, in considering the data presented below, that 
a precise definition of the distribution of each compound has not been 
achieved. The magnitude of such a problem in the case of a single 
compound is not small. Reference to the studies of recent years on the 
distribution in the body of such substances as sodium, potassium and 
the halogens* will serve to fortify this view. Moreover, it must be ap- 
preciated that the data indicating that a compound enters a cell or 
organ yield no information on the state of the material so oontainetl, or 
on the actual concentration ratio of the substance across the cell mem- 
brane, i.e., the concentration relationships in extra- and intracellular 
water. It is not unlikely that a considerable proportion of the specific 
solute within a cell reacts with cell constituents in such a manner that 
a portion is removed from free solution in intracellular water 
The over-all renal excretion of each compound was studied m experi- 
ments such as that summarized in tablJ: 2 Tlie experiments were on 


Tabll 2 

The Renal Excretion or Sulfanilamide by 1>oo K 


- :45 — 800 cc Water per OS :00 - Bladder emptied 

Creatinine— 200 mg /K. aubcut. 3 coUection periods, 15 min. each 


Sulfanilamide —76 mg /K subcut 






Bixiodb at 

Mid-period 



Creatinine 

Glomerular 


Sulfanilamide 



Excre- 

filtration 

Plasma 


Reab- 

Excre- 

Plasma tion 

rate 

(filterable) 

Filtered Excreted 

sorbed 

tion 

mg./ml. mg./roin ml /mm 

mg /ml 

mg /min mg /mm. mg. /mm 

ratio 

0.144 6 80 

47.2 

0.035 

1.65 0.39 

1.26 

0.24 

0.150 6.91 

46.1 

0.0405 

J 87 0 44 

1 43 

0 24 

0 160 7.30 

48.7 

0.0454 

2.21 0 55 

1 06 

0 25 


a scries of normal dogs and made use of experimental techniques that 
permit a general description of the mechanism involved in the renal 
excretion of a compound. The underlying principle of the techniques 
is simple. Glomenilar filtration rate is measured following the admin- 
istration of creatinine, the rate of glomerular filtration in milliliters i)er 
minute being equal to the dividend of the milligrams of creatinine ex- 
creted per minute and the plasma concentration of creatinine in milli- 
grams per milliliter Glomerular filtration rate so determined was 


An. Jour. Phyiiol. tit, 405. 
Am. -lour. Phrsiol. It 4, OOf. 
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calculated to be 47.2 milliliters per minute in the first period of the 
experiment summarised in table 2. The data on the excretion of sul- 
fanilamide, obtained simultaneously, may be manipulated as follows: 
The plasma concentration of sulfanilamide during this period was 0.039 
mgm. per ml, 90 per cent of which is in a filterable form. At a glom- 
erular filtration rate of 47.2 ml. per minute, it may Ihj calculated that 
1.65 mg. of sulfanilamide was filtered each minute Since the concur- 
rent renal excretion accounts for only 0.39 of the 1.65 mg filtered each 
minute, one must conclude that 1.26 mg. of filtere<l sulfanilamide 
were reabsorbed in the renal tubules The calculation throws little 
light on the mechanism of the reabsorptive process However, the 
ratio of the amount filtere<l to the amount excreted, in this case 0.24, 
yields a figure that is clmractenstic of the excretion of the compouml 
by the average nepiiron under the conditions of the experiment. This 
ratio, which we designate tlie excretion ratio, is a useful datum in the 
study ol the renal excretion of a scries of allied compounds 

Another ratio, which may be calculated from the data and which 
does not include a correction for the factor of plasma binding, is the 
sulfonainidc/creatmine clearance ratio The latter ratio is important 
in the definition of the over-all renal excretion rates of compounds, but 
is less useful in indicating the mechanisms by which such excretion is 
accomplished 

The conclusion that sulfamiamide is reabsoibed to a considerable ex- 
tent ih contingent on the demonstration that essentially all of the 
plasma sulfanilamide is filterable at the glomerulus. Such a circum- 
stance does not hold for many of the compounds that have been exam- 
ined in the present study The excretion ratio, however, containing as 
it does a correction for the factor of plasma binding, makes available 
a corrected ratio that, theoretically, is a rather precise expression of the 
degree to which a substance is reabsorbed or actively excreted by the 
renal tubules It has two limitations The ratio gives limited infor- 
mation on the nature of the physiological mechanisms involved and it 
is quite sensitive to errors in tlie case of substances that are extensively 
bound on plasma protein 

Precise information on the underlying mechanisms that are responsi- 
ble for renal tubular reabsorption or excretion can be obtained by vary- 
ing the experimental procedures. As is the case of studies on distribu- 
tion of compounds, however, a quantitative definition of the renal mech- 
anisms involved in the excretion of a single substance is a task of major 
proportions This viewpoint can perhaps be best appreciated by refer- 
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ence to studies on the excretion of inulin and creatinine,®-® urea,'®* 
glucose/* and phenol red.^* These were also perfonned in the dog and 
may be taken as examples of studies that define the renal excretion of 
compounds in terms of the discrete mechanisms involved. The data 
detailed below are more in the nature of a general survey of the excre- 
tion of this class of compounds. Extraneous factors were minimized 
by adhering to rigidly standardized experimental conditions. These 
include a state of moderate diuresis, and a plasma concentration for 
the substance under examination of the order of magnitude of 5.0 mgm. 
per cent. All observations were made within 90 minutes after the ad- 
ministration of the compound. 

It may be accepted in the following that an excretion ratio of 1.0 is 
indicative of a situation wherein the renal tubules do not participate in 
the excretion of a compound to a measurable extent. As the ratio falls 
progressively below 1.0, it is indicative of a progressive increase in the 
reabsorption of a compound in the renal tubules. A ratio above 1.0 is 
indicative of tubular excretion, the extent of which is refiected in the 
value of the excretion ratio. Tubular excretion, in the case of this 
series of compounds, is presumably by an active process which specific- 
ally extrudes the material into the lumen of the tubule.^® The over- 
all rate of excretion of a compound in the latter case is equal to the 
sum of its rate of filtration at the glomerulus and its rate of secretion 
by the tubules. 

The extent to which each of the compounds is bound on the non- 
diffusible constituents of plasma was determined by dialysis of plasma 
samples using cellophane or parlodion membranes at 37® C., p. COj 
= 38 mm Hg. The values shown in tables 2, 5, 10, 11, 12 and 13 are 
those obtained with normal dog plasma at albumin concentration of 
4.0 g. per cent. A more limited series of compounds (twelve) was ex- 
amined, using cat plasma. Assuming the latter to be representative of 
the series as a whole, it may be concluded that the figures on the plasma 
binding in the dog are a fair approximation of the situation obtaining 
in the normal cat. A more precise definition of plasma binding in the 
cat was not deemed essential for the purposes of the present study. 

It may be accepted that within the limitations that we have noted, 
the above techniques permit a description of the distribution of sub- 
stances in the various compartments of body water and, together with 
observations on plasma binding, the extent to which renal tubular 

» aiwaaoa, 1. A . Am. Jour. Physiol. Ilf: t0«. 1M«. 
u StettBoa, J. A. Am. Jour. Physiol, lit: 78S. 1»S8. 
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processes participate in the determination of the over-all excretion of 
each compound. The data made available are wholly satisfactory for 
our present purpose, which is to survey the distribution and excretion of 
a series of compounds preliminary to more definitive studies on selected 
members within the series. 

EXPERIMENTAL RESULTS 

Studies on the distribution and excretion of six selected compounds 
have been summarized in tables 3, 4 and 5. Thesef demonstrate some 
of the salient features of the data as a whole and so may serve for ori- 
entation purposes. Table 3 gives the structural relationships of the 

Table 3 

Stsuctural Rblationsrips op the Six Sulfonamides Selected fob 
Preuminart Examination 


Sulfanilic 

acid 

Sulfanil- 

amide 

Sulfanilyl- 

ethanolamide 

Sulfanilyl- 

glycine 

Sulfanilyl- 

Bulfaniuo 

acid 

Sulfanilyl- 

Bulfanil- 

amide 

NH, 

NH, 

NH, 

NH, 

NH, 

Nil, 



8.20 10 43 10.94 3.52 3.40 7 85 


series and the pKa of each compound. The simplest view one may 
take of the series is that the five compounds to the right are simple 
derivatives of sulfanilic acid. 

Table 4 summarizes the distribution data on each of the six com- 
pounds in a few selected tissues of the cat two hours subsequent to its 
intravenous administration. The values are, in all cases, the means of 
those obtained in several experiments. The distribution of sulfanilic 
acid appears to be characteristic of a substance that is largely restricted 
to an extracellular position, since the volume of distribution and the 
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Tabus 4 

SuMMABT or Obsbbvation on thb Dibibibution in the Cat or Six Sblbctbd 
Sulfonamides 


Compound 


Sulfanilic acid 

Sulfanilamide 

Sulfamlylethanolamide 

Sulfanilylglycine 

Sulfanilylmilfamlic acid 

Sulfamlylsulfanilamide 


^ , concentration m tiamie Volume of 

concentration in pla8ma/0.93 distribution ** * 


Muscle 

CSF 

Brain 

% Body Weight 


oil 

003 

003 

28.7 

320 

107 

068 

0.73 

982 

10.43 

0.70 

0.30 

0.21 

672 

10.94 

016 

003 

004 

29.9 

352 

0.14 

002 

004 

36.7 

3.40 

1.23 

0.07 

0.15 

165.0 

725 


distribution ratios are of the same order of magnitude as those obtain- 
ing for sodium or chloride. In addition, it appears to be unable to pass 
the blood-brain barrier with any degree of freedom. Note may be 
taken here of the fact that this appears to be as true for the capillary 
plexes in brain substance as for those that are responsible for the for- 
mation of cerebrospinal fluid, i.e , if these be different anatomical struc- 
ture8.“ Such a distribution is completely changed both with respect 
to tissues in general and the blood-brain barrier, when one blocks the 
dissociation of the sulfonic acid by an amino group as in the case of 
sulfanilamide. Presumably this occurs because of a change in the 
physicochemical characteristics of the nuclear substituent. The new 
compound not only freely enters the cell and readily crosses the blood- 
brain barrier, but is localized to some extent within the cells of the body 
The distribution ratio for muscle'® would otherwise be in the order of 
magnitude of 0.75. 

Further elaboration of the substituent by the addition of an ethanol 
does not significantly change the distribution across cell membranes in 
general, although it docs appear to impair the ability of the resulting 
compound to enter cerebrospinal fluid. The oxidation of the alcohol to 
an acid, however, returns the distribution to the type that, as in the 
case of sulfanilic acid, is largely extracellular. The substitution of an 
amide hydrogen by benzene sulfonic acid again results in a compound 
that is largely localized in an extracellular position, whereas blocking 
the terminal sulfonic acid group of the latter compound by an amino 
group permits the resulting compound to pass freely into intracellular 
water. Were a correction made for the factor of plasma binding in the 

» WbUm«. O. B., a BrodU, B. B. Jour. Phora ond Ksp Tberop TO: 418. 1040. 
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calculation of the dietribution ratios, it would be apparent that sulf- 
anilylsulfanilamide is localised within the cells to a much greater ex- 
tent than is true in the case of sulfanilamide itself. This follows from 
the fact that about half of the plasma sulfanilylsulfanilamide is bound 
on plasma protein. The true equilibrium concentration is of course the 
concentration in extracellular water, and not the concentration in 
plasma as a whole. 

Sulfanilylsulfanilamide is of interest because of still another reason. 
Accepting that only 50 per cent of the plasma concentration is avail- 
able to establish a diffusion gradient, it is apparent that the compound 
is incapable of freely penetrating the blood-brain barrier. It is quite 
possible that the diffusion of the complex across the barrier is simply 
slow and equivalent concentrations would eventually be reached were 
the rate of turnover of cerebrospinal fluid curtailed. It may be con- 
cluded, however, that the substitution has resulted in a compound that 
does not penetrate the barrier as readily as sulfanilamide, that this 
property of the complex is reflected in a low concentration of the sub- 
stance in brain substance, and that this property of the complex is not 
related specifically to the acidic properties of the nuclear substituent 

Another substance appearing in table 4 is of interest from a different 
aspect. This is the sulfanilylcthanolamide which appears to be. com- 
pletely changed in the body and which may serve as an example of how 
such a circumstance may be examined. The distribution at two hours, 
as noted in table 4, is quite similar to that of sulfanilamide. With the 
elapse of time, however, the material progressively acquires a distribu- 
tion that is largely extracellular. The change in the distribution of 
the compound is already apparent at 6 hours and almost complete at 
24 The distribution at 48 liours is identical to that of sulfanilylgly- 
cine. It is not possible to conclude from such data that the chemical 
transformation is in fact an oxidation of the alcohol to the acid, al- 
though this does seem quite probable. Equally extensive changes have 
been observed in the case of several other compounds, but since this 
aspect of the problem is not germane to the pri'sent discussion, they 
will not be cited in the detailing of the data below 

Excretion data on the selected senes are reviewed in table 5. It will 
be recalled that a progressive decrease in the excretion ratio below 1.0 
indicates a progressive increase in the reabsorption of the compound 
during its passage down the renal tubules, whereas a progressive in- 
crease ^in the excretion ratio above I 0 indicates tubular excretion 
which proceeds in proportion to the elevation of the ratio. The data on 
sulfanilic acid indicate that it is excreted largely by a process of glom- 
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TABLfe 5 

SumcABT or Obsoivations on tbs Rbnal Exchbtion of Six Sblbctbd 
Sulfonamides by the Doq 


Compound 

pKa 

Sulfonamide 

Creatinine 

clearance 

ratio 

Per cent 
filterable 
m 

plasma 

Excretion 

ratio 

Sulfanilic acid 


059 

98 

091 

Sulfanilamide 

10.43 

057 

90 

050 

Sulfanilylethonolamide 

10.94 

063 

80 

0.71 

Sulfamiylglycme 

352 

155 

92 

1.47 

Sulfamlyliulfanilic acid 

340 

253 

34 

659 

Suifamlylsulfanilamide 

756 

154 

56 

259 


erular filtration, whereas sulfanilamide is reabsorbed to a considerable 
extent. The addition of an ethanol to the sulfanilamide sharply cur- 
tails this rcabsorption, although some reabsorption still is evident 
But the oxidation of the alcohol to the acid produces a molecular com- 
plex, which, in addition to being filtered at the glomerulus, is actively 
secreted by the renal tubules. The addition of benzene sulfonic acid 
to the sulfanilamide molecule further enhances such tubular excretion 
and this is retained as a property ol the compound that results when 
the dissociation of the sulfonic acid in the latter compound is blocked 
by the addition of an amino group. 

It will be profitable to pause at this time, in order to consider some 
of the generalities apparent from the data so far presented. It has 
been demonstrated that a change in chemical structure within this 
small series of compounds is accompanied by drastic consecjuences to 
those factors that together determine the physiological disposition of a 
compound. Were one to assume some common chemotherapeutic effect 
on the part of all six compounds, it is doubtful that sulfanilic acid or 
compounds comparable to it from the standpoint of distribution would 
exert such an action were the site of action within the central nervous 
system, unless there were some change in the characteristics of the 
blood-brain barrier This follows from the fact that compounds of the 
latter type are excluded from this compartment of the body by the 
normal blood-brain barrier. Similarly, one could reason that if it 
were desirable to obtain a temporary high concentration of one of these 
in the extracellular fluid compartment in order to accomplish a given 
end, then the compound of choice would be either sulfanilic acid, sulf- 
anilylglycine, or sulfanilylsulfanilatc. This follows from the limita- 
tion imposed on the distribution of the compounds together wiUi their 
relatively hi^ excretion rates, the latter largely determining the dura- 
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tion of the desired effect. For longer action, one would select the ccnn* 
pound with the lower excretion rate. If one were not concerned with 
a limitation on the distribution of a compound and wished an effect 
with considerable duration, then one would select a compound such as 
sulfanilamide which has a large volume of distribution together with a 
low excretion rate. 

In other words, there is some justification for the belief that it may 
ultimately be possible to limit both the theatre of operation of an active 
substance within a series as well as the duration of the effect produced 
through the proper modification of chemical structure. The data on 
these six compounds do not lead one to suppose that this will be a 
simple procedure. Wholly apart from the effect of a chemical change 
on fundamental activity of the resulting compound, at least two factors 
will be concerned with the distribution and excretion. The strength of 
acidic groups is one of these, whereas the other apparently relates to 
the molecular structure of the compound as a whole The latter factor 
is difficult to define in terms of measurable entities at the moment, but 
is none the less important Its operation is particularly apparent from 
a consideration of the excretion data on sulfanilamide as compared to 
siilfanilylsulfanilamide. The operation of this factor is even more ap- 
parent when tlie data of the entire series are examined 
The distribution data on a series of acyclic derivatives of sulfanila- 
mide and of a series of closely allied compounds are summarized in 
TABLES 6 and 7. There are several points of interest in the series of 

Table 6 

SUMMABT or ObBEKVATIONB on the DlBTBIBUnON IN THE CaT OF A SeBIES Or 
N^-Actcuc Derivativeh or Sulfanilamide 

H,N ^>— 80,NH-R 


Vol- 
ume of 


-R 

concentratioi^in tissue 

ume oi 
distri- 

pKa 

’ conoeotration m plasma/0.93 

bution 


Muscle 

CSF 

Brain 

%Body 


-H 

107 

068 

0 73 

\i eight 
^.2 

10.43 

-CH, 

1.02 

077 

085 

917 

10 77 

-CHtCH, 

1.11 

089 

092 

102.0 

10.70 

--OH 

107 

0.68 

0.60 

99.0 

— 

-^hJchiOh 

— 

0.43 

— 

72.5 

10.70 

070 

0.30 

0 21 

67.2 

10.94 

-C-NHNH, 

0.51 

0.09 

0.08 

78.6 

Veiy Weak 

-CHjCOOH 

"*OCHCHi 

0.16 

0.08 

0.04 

29.9 

8.52 

0.87 

0.05 

ao6 

65.6 

5^ 
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acyclic derivatives. The addition of a non-polar group to the parent 
sulfanilic acid has, in general, produced a substance that penetrates 
cell membranes of all tissues and that, in addition, is localized within 
the contents of most cells. The N^-methyl and N* -ethyl derivatives 
of sulfanilamide appear to enter cerebrospinal fluid pore freely than 
sulfanilamide, but since sulfanilamide itself passes the blood-brain bar- 
rier so readily, the difference is not striking. But, the hydroxy, amino, 
and ethanol derivatives unquestionably show an impairment in this 
ability which is quite striking in the case of the sulfanilylguanidine. 
The data on the N‘-hydroxy sulfanilamide are not very satisfactory 
since a fairly rapid reversion of the compound to sulfanilamide is to be 
expected and, consequently, an eventual distribution in the body which 
IS characteristic of the latter substances. 

The N'-acetyl derivative of sulfanilamide and sulfanilylglycine have 
quite a different distribution, being somew’hat similar to that of sulf- 
anilic acid, presumably because they are in fact organic acids with a 
strength of the same order of magnitude as that compound. This ap- 
pears to be reflected in the degree to which all three are excluded from 
cerebrospinal fluid and to some extent from cellular water in general. 
The correlation between over-all distribution and acidic strength is 
crude, however, as may be seen from examination of the last two col- 
umns. Inspection of specific tissues, i e., muscle vs cerebrospinal fluid, 
fortifies the belief expressed previously that distribution is determined 
in part by unspecified but general characteristics of a molecule as well 
as by the charge carried on a specific group or its tendency to disso- 
ciate a hydrogen ion. 

Data on some compounds closely allied to sulfanilamide are given in 
TABLE 7. The data on para-aminobenzoic acid are particularly worthy 
of note. One would expect from inspection of the molecule that its 
distribution would not be very different from the distribution of sulf- 
anilylglycine or that it would lie midway, in its distribution, between 
the latter compound and perhaps that of the N* -acetyl derivative of 
sulfanilamide. The correlation is not too bad in the case of the volume 
of distribution and the distribution ratio of muscle, but it diffuses into 
cerebrospinal fluid quite as easily as sulfanilamide itself. It is im- 
portant to note, taking para-aminobenzoic acid as a specific example, 
that the distribution ratio is not necessarily an expression of the con- 
centration ratio across the cell membrane. Assuming that this sub- 
stance is of importance to the economy of the living cell, it would be 
surprising were it not localized within the cell in such a manner as to 
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Table 7 

SUMICART OF ObSSEVATIONS ON THE DlSTatBUTlON IN THE CaT OF A fiuUBS Ot 

Simple Compounds Closely Allied to Sulpanilamiiho 



Volume 


Compound 

Ratio: 

concentration in plasma/O.OS tion 

pKa 



Muscle 

C8F 

Brain 

% Body weight 


1.07 

0.68 

0.78 

98.2 

10.43 

^ 

— 

0.76 

— 

103.0 

10.12 

H.N<^ 

HOiNHr ' 

1.00 

0.71 

0.84 

92.3 

10.12 

ai,CO ^)>80.NH. 

0.97 

0.27 

0.15 

84.2 

— 


0 n 

0 08 

O.OS 

28 7 

5.20 

^CX)OH 

O.K) 

0.64 

0.32 

51.4 

4.68 


make some of the cellular para-aminobenzoic acid unavailable for con- 
ditioning its rate of diffusion. 

It is of some interest to note that the N^-acetyl derivative of sulf- 
anilamide has less restriction imposed on its distribution in the body 
than when the acetyl group is in the position. The simplest view 
of this is that the former is a weaker acid The divergence in distribu- 
tion in the body as a whole, however, and the distribution across the 
blood-brain barrier suggests that other factors operate in conditioning 
the distribution of the compound. 

A summary of the distribution of ten isocyclic derivatives of sulf- 
anilamide is given in table 8. Again, the presence or absence of a 
reasonably strong acidic group would appear to be important in deter- 
mining the ability of a substance to penetrate cell membranes in gen- 
eral, as evidenced by the volume of distribution of a compound when 
viewed in relation to its pKa. The situation with respect to thei^ 
compounds, however, is not as simple as would appear from these data. 
It should be noted that a modification of the molecular structure to in- 
clude a^ substituted or nonsubstituted benzene ring throws into promi- 
nence the ability of the nondiffusible constituents of plasma to form 
reversible combinations with the resulting compounds (see tabudb 10 
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Table 8 

SumiABT or Obsbbvationb on the DisTsiBimoN in the Cat or a Sbkiba or 
N^IsOCTCUC DEBIVATIVEa or SULrANILAMZOE 

2 3 


Substituent 

Ratio: 

ooQoentration iu tissue 
concentration in pla8ma/0.93 

Volume of 
distribution 

pKa 


Muscle CSF 

Brain 

% Body weight 


— 

0.80 

0.18 

1.06 

125.0 

0.60 

4-NH, 

1.15 

0.33 

0.51 

124.0 

10.22 

8^*NH, 

0.94 

0.14 

0.10 

146.0 

8.28 


1.23 

0.07 

0.15 

, 165.0 

7.85 

2-COOH 



0.01 

— 

31.6 

3.85 

aoooH 

0.07 

Q.Ol 

0.03 

23.0 

4.10 

4-<X)OH 

016 

0.01 

0.04 

36.2 

4.05 

2-SO.OH 

0.10 

0.01 

0.06 

23.9 

3.40 

3 - 8 O 1 OH 

0.08 

0.01 

0.04 

18.8 

3.35 

4-SO.OH 

0.14 

0.02 

0.04 

35.7 

3.40 


to 13. It would be apparent, were a correction made for this factor, 
that the tissue concentration of several compou'^ds in the series is far 
in excess of the amount that would obtain were it simply related to the 
concentration of the compound in extracellular fluid and the concentra^ 
tion of water in the tissue. The data on the N* -phenyl, the N'-4 
aminophenyl and the N^-sulfonamidophenyl derivatives indicate a 
very extensive localization of each of these substances within the cells. 
The blood-brain barrier again appears to have specific characteristics, 
however, that set cerebrospinal fluid and interstitial fluid of the brain 
apart from the interstitial fluid of the other organs of the body. The 
best example of this in the present series is sulfanilylsulfanilamide, as 
has been noted above. 

The data on the distribution of a series of N* -heterocyclic derivatives 
of sulfanilamide are summarized in table 9. The degree to which each 
is bound on plasma protein should also be kept in mind in the examina- 
tion of these data. The order of magnitude for each of the five being 
30 per cent for sulfapyridine, 60 per cent for sulfathiazole, 80 per cent 
for the 4-methyl, sulfathiazole (sulfamethylthiazole) , 20 per cent for 
sulfadiazine, and 40 per cent for the 4-methyl sulfadiazine (sulfamera- 
zine). It is possible to conclude with this information that there is 
actual localisation within the cell in the case of sulfapyridine, sulfa- 
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Tablb 9 

SuMifABT OF Observations on trb Distribution in the Cat or a Series or 
N*-Hbtbroctcuc Derivatives or Sulfanilamide 

H.N<^ ^>80.NH-R 


-R 

concentration in tissue 
concentration in plasma/0.93 

Volume of 
distribution 

pKa 


Muscle 

CSF 

Brain 

% Body weight 



0.91 

0.62 

0.80 

82.5 

8.44 

Q 

0.64 

0.10 

0.14 

58.5 

7.12 


0.46 

0.13 

0.16 

61.4 

7.80 


0.45 

0.31 

0.21 

46.0 

6.48 

"■<0 

0.39 

0.38 

0.35 

45.8 

7.06 


thiazole and sulfamethylthiazole, whereas sulfadiazine and sulfamera- 
zine are distributed more as if they freely penetrate most cell mem- 
branes, and are not specifically localized within the cells. The spread 
in the dissociation constants in the series is not great, and over the 
limited range there does not appear to be any important correlation 
between them and the distribution of the compounds. 

Data bearing on the renal excretion of the compounds in the scries 
have been summarized in tables 10 to 13. The form of presentation 
of each group is similar to that in table 10. Each value is the mean 
of several experiments performed on at least two dogs. Information is 
given on the sulphonamide/crcatinine clearance ratio that describes the 
over-all rate of renal excretion, the fraction of the sulfonamide which is 
filterable from the plasma at a normal concentration of plasma albu- 
min, tlie pKa of the compound, and its excretion ratio. 

The addition of a relatively non-polar group to the sulfonamide 
complex may enhance or depress the excretion of a compound to a vari- 
able extent (table 10). Such changes in excretion are largely the 
result a change in the extent to which the compound is reabsorbed, 
since this class of compounds does not appear to be bound extensively 
on plasma protein. When a strongly polar group with acidic proper- 
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Table 10 

SuiOf^Br OF Observationb on the Excretion by the Doo of a Series or 
N*- Acyclic Derivatives of Sulfanilamide 

H,N<f '^SOtNH R 




Sulfonamide 

Per oent 




Creatinine 

filterable 

Excretion 

-R 

pKa 

clearance 

in 

ratio 



ratio 

plasma 


-H 

10.43 

0.27 

00 

0.30 

-CH, 

10.77 

0.12 

80 

0.15 

-CH,CH, 

10.70 

0.11 

70 

0.14 

~OH 

— 

0.35 

88 

0.40 

-NH, 

10.70 

0.43 

83 

0.52 

-CH,CH/)H 

10.04 

0.03 

80 

0.71 

-C-NIINH, 

Very weak 

0.76 

94 

0.81 

-CH,COOH 

3.52 

1.35 

> 02 

1.47 

-COCHi 

5.38 

1.19 

87 

1.37 


tics is added, however, it may convert the compound into a complex 
that is actively secreted by the renal tubules as is the case with sulf- 
anilylglycine and the N’ -acetyl derivative of sulfanilamide. 

It does not appear, however, that any generalization may be derived 
from these data since the results are not wholly consistent with the in- 
formation obtained on a series of simple allied compounds It is ap- 
parent from the latter data (table 11) that sulfanilic acid is reabsorbed 


Table 11 

Summary of Observations on the Excretion by the Doo ot a Series of Simple 
Compounds Closely Aujed to Sulfanilamide 




Sulfonamide pgj. cent 


Compound 

pKa 

Creatinine 

filterable 

Excretion 

clearance 

in 

ratio 



ratio 

plasma 


^^>80, NH, 

10.43 

0.27 

90 

030 

^,NH, 

10.12 

0.17 

73 

0.23 

H«N< > 

SOtNH? ^ 

10.12 

0.25 

89 

0.28 

CH.CO-HN<[^ ^>80tNH. 

— 

0.67 

80 

0.84 

^>80iOH. 

3.20 

0.80 

08 

0.01 


4.68 

0.18 

03 

0.10 
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to a slight extent and a similarly strong organic acid, para*aminobenaoic 
acid, is reabsorbed to a considerable extent. The excretion data on 
para-aminobensoic acid are particularly interesting in that it has a dis- 
sociation constant midway between that of sulfanilylglycine and the 
N^-acetyl derivative of sulfanilamide. But para-aminobensoic acid is 
reabsorbed to an extent that suggests the intervention of an active tu- 
bular process, whereas sulfanilylglycine and the N^-acetyl derivative of 
sulfanilamide are both actively excreted by the renal tubules. 

Other data in table 11 are of interest in that they show that metanil- 
amide and orthanilamide are handled by the renal nephron in a manner 
that is quantitatively similar to that of sulfanilamide itself. This 
would indicate that the position of the substituent groups is of little 
importance in determining the excretion of the members of this family 
of three as it was of little consequence in determining their distribution 
in the body. It is of some interest to note that whereas the N^-acetyl 
derivative is actively excreted, the -acetyl derivative is excluded 
from extensive participation in renal tubular processes within the 
nephron. It is also worthy of comment that even as the glycine deriva- 
tive of sulfanilic acid is actively excreted by the renal tubules, so is 
the glycine derivative of para-aminobenzoie acid, i.e., para-aminohip- 
puric acid 

The data on the renal excretion of some of the isocyclic derivatives 
of sulfanilamide are summarized in table 12. It may be noted that 
such compounds are, in general, bound extensively on the nondiffusible 
constituents of plasma; that the N*-phenyl is itself actively secreted, 
whereas the N^-aminophenyl is reabsorbed to a considerable extent ; 
that the sulfonic acid derivatives of N^-phenyl sulfanilamide are ac- 
tively secreted as are the carboxy derivatives; but that althou^ sulf- 
onamido derivatives are actively secreted when the nuclear substituent 
is in the or 4 position, this is not true when the substituent is in the 2 
position. There is also a suggestion that the position of the substituent 
group has some effect upon the rate of active transport in the group of 
sulfonic acid derivatives The excretion ratio in this series increases 
progressively from 6 to 14 as the sulfonic acid is rotated from the 4 to 
the 3 to the 2 position. The phenomenon is not apparent, however, in 
the case of the carboxy derivatives It is not surprising to find that 
the position of a substituent may have an effect upon the extent to 
which a compound is bound on plasma protein or upon the rate of a 
biological process that involves a scries of chemical combinations.** 
It is somewhat surprising that the position can determine whether a 



SHANNON: SUBSTANCES ALLIED TO SULFANILAMIDE 478 


Table 12 

SumiAmT OT Obsbbvations on the Ezcbetion bt tub Dog or a Seeiba or 
N^lsocrcLic Derivatives or Sulfanilakiob 

^ o 


Subetituent 

pKa 

Sulfonamide 

Creatinine 

clearance 

ratio 

Percent 

filterable 

in 

plasma 

Excretion 

ratio 

— 

9.60 

1.00 

28 

3.57 

i-NH, 

10.22 

0.36 

65 

0.55 

2-SOiNHt 



0.08 

35 

0.22 

8-SO.NH, 

8.23 

0.73 

.38 

1.92 

4-«OtNH. 

7.68 

1.34 

56 

2.39 

2-COOH 

3.85 

0.77 

12 

6.42 

s-coon 

4.10 

1.84 

15 

12.26 

4-COOH 

4.05 

1.67 

34 

4.91 

2-SO/)H 

3.40 

2.22 

16 

13.90 

3-SO^H 

3.35 

2.30 

24 

9.58 

4-80t0H 

3.40 

2.23 

34 

6.29 


substance is actively secreted or, as appears to be likely in the case for 
the sulfanilylorthanilamide, actively reabsorbed. 

The excretion data from this series of compounds are important for 
another purpose. They oppose the acceptance of the concept that the 
participation or nonparticipation of a compound in processes of active 
tubular transfer is determined largely by the presence* of so-called or- 
ganophilic and hydrophilic groups that, arranged across the molecule, 
serve to orient it with respect to the cell membrane.** Such an orienta- 
tion has been supposed to be essential for the entry of a substance into 
the renal tubule cell prior to its active transport across the cell. It is 
unquestionably true that the participation or nonparticipation of a 
substance in an active tubular mechanism will depend in part upon the 
physicochemical characteristics of the molecule as a whole, but the 
manner in which this factor operates j[s not sufficiently clear at the 
moment to permit definitive conclusions on the mechanism involved. 

The excretion data on some of the important heterocyclic derivatives 
of sulfanilamide are summarized in table 13. The series is small, but 
the data contain several points of considerable interest. They indi- 
cate that sulfapyridine, sulfadiazine and sulfamerazine are reabsorbed 

Wotbir.B. Cold Spriof H*rbor Symp. Qu«at. Biol. •: 40. 1040. 
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Tablb 13 

ScjHMABT or Observations on the Excbetion by the Doo of a Series or 
N^Heterocycuc Derivatives or Sulfanilamide 

HtN<^^ ^^> 80 JTH-R 


-R 

pKa 

Sulfonamide 

Creatinine 

clearance 

ratio 

Percent 

filterable 

in 

plasma 

Excretion 

ratio 


8.44 

0.38 

66 

0.55 

1 \ 

8 ? 

7.12 

0.40 

40 

1.00 

H,C pA 

8 > 

7.80 

0.25 

23 

1.09 

1 

6.48 

0.27 

83 

0.33 


7.06 

0.13 

61 

0.21 


to a considerable extent in the renal tubules, whereas sulfathiazole and 
sulfamethylthiazole appear to be excreted by a process that is almost 
exclusively glomerular filtration. These conclusions follow from the 
values of the excretion ratios given in the last column of the table 
which in the case of the thiazoles approximate a value of 1.0. 

Reabsorption is considerable in the case of sulfamerazine, i.e., 4- 
methyl sulfadiazine and, as in the case of para-aminobenzoic acid, is 
of an order of magnitude that suggests that reabsorption proceeds as 
an active tubular process. When it is appreciated that a diffusible sub- 
stance such as urea is only reabsorbed to the extent of some 40 per 
cent at ordinary urine flows, it is surprising that organic complexes of 
the size and shape of sulfamerazine and para-aminobenzoic acid are re- 
absorbed to the extent indicated without the intervention of an active 
process. 


DISCUSSION 

The study as a whole should not be taken as a definitive description 
of the relationship between the chemical structure of these compounds 
and their physiological disposition. It is at best a survey indicating 
the worthwhileness of this approach to the problem. 
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The results on the distribution of the compounds in the body are 
fairly consistent in that the ability of a compound to pass a cell mem< 
brane appears to be governed to a large degree by the extent of its dis- 
sociation at blood pH. Those compounds with a high pKa are per- 
mitted to enter the tissue cells quite freely, whereas those with a low 
pKa have in general a more restricted distribution. In this respect, 
therefore, sulfonamides, with some exceptions, follow the accepted 
concepts of permeability of cell membranes to organic electrolytes.'® 

The observations on cerebrospinal fluid offer additional proof that 
the barrier between the blood and cerebrospinal fluid is a highly selec- 
tive one, and that the mechanism of formation of this fluid is not one of 
simple filtration. It has been shown previously in studies on the dis- 
tribution of thiocyanate, bromide and iodide, that cerebrospinal fluid 
is formed, not only at the choroid plexus, but also by the passage of 
fluid and solute from blood into the extracellular fluid of the brain and 
then into the subarachnoid space.'® The data are wholly consistent 
with the view that brain tissue must be considered to bo in equilibrium 
with a fluid having the characteristics of cerebrospinal fluid rather than 
the characteristics of plasma water. The behavior of the normal blood- 
brain barrier is quite different from that of the ordinary cell membranes 
in that the molecular configuration of a substance, apart from its acidic 
properties, seems to be important in determining the ability of a sub- 
stance to gain entrance into cerebrospinal fluid and the interstitial fluid 
of brain substance. The brain capillaries and their surrounding pia do 
not offer a satisfactory anatomical explanation of such selectivity. 

The relation between the chemical structure of organic compounds 
and their ability to participate in the active excretory mechanisms of 
the renal tubule has been the subject of previous investigations by 
others. A large number of dyes as well as several sulfanilamide deriv- 
atives have been examined, using the perfused frog kidney as an indi- 
cator. It was concluded from these studies that the polarity of the 
molecule largely determined whether a compound participated or did 
not participate in a mechanism of active tubular excretion Those 
compounds with polar-non- polar or so-called organophilic-hydrophilic 
configuration appeared to be secreted, while non-polar molecules did 
not.'® Many of the actively secreted compounds in the present series 
possess such a polar-*non-polar configuration, but there are several 
striking exceptions. For example, sulfanilylsulfanilamide is actively 
secreted, although it contains two weakly polar groups, an amino and 
a Bulfanilamido group. Sulfanilic acid and para-aminobenzoic acid 

JMObt, M. H. Cold Sprint Harbor Synp. Qnnnt. Biol. •: 40 1040. 
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are strongly polar molecules and are not secreted, whereas comparable 
compounds such as the sulfanilylgiycine, the N>-acetyl sulfanilamide 
and para-aminohippuric acid are. Molecular configuration is un* 
doubtedly important in determining the participation or nonparticipa- 
tion of a compound in a process of active tubular excretion, but &e 
mechanisms that are involved require further clarification. 



THE TOXIC EFFECTS OF SULFONAMIDES ♦ 


By H. B. van Dyke 

From the Division of Pharmacology, 

The Squibb Institute for Medical Research, 

New Brunswick, N. J. 

Discussion of the toxic actions of sulfonamides requires reference to 
a few general principles of pharmacology, so that the reader unfamiliar 
with this field may be better oriented with respect to terminology and 
the implications of this terminology. One fundamental law of the ac- 
tion of a drug or poison is that this action leads to no new function on 
the part of a tissue or organ. The group of signs or symptoms, which 
might appear bizarre, unusual, or unique, is always found on analysis 
to represent an abnormal combination of a group of simultaneous quan- 
titative changes sometimes modified by known or unkm^wn factors, 
such as heredity or disease. The precision of measurement of toxicity 
naturally varies greatly. The more completely tlie observer can exer- 
cise control over the conditions of examination, the greater the preci- 
sion will be. Conditions of control are most favoiable in the experi- 
mental laboratory and it is natural, consequently, that the most accu- 
rate measurements of a given toxicological feature or group of features 
of a drug or poi.son can hv made in the lab(>ratc»rv. Laboratory ani- 
mals no less than men vary in their response to drugs and poisons 
Therefore, it is necessary that at least a simple application of the la^s 
of probability l>e employed in evaluating results so obtained, provided 
that the number of individuals investigated justifies such mathematical 
treatment The pioneer work of Trevan’ called attention to the neces- 
sity of such treatment of exi)erimental data. His work has l>een ex- 
tended and more elaborate methods of tin* treatment of data have been 
evolved by biologi.sts and statisticians, such as (iuddum, Fisher and 
Bliss By the use of such statistical teehnit|ues it is possible to relate 
the probability of error with the magnitude of error under a particular 
set of conditions. It is important to recognize that information so ob- 
tained has no bearing on the accuracy of the determination. Since the 
dose of a drug or poison related to an event, such as death, is commonly 

* In thw review, tbe auibur liw •iletiipteU to deiicribe the inipuiUnt toxic fentiiren of eulfoiuunkle 
therapy without undertakine an exheuitive citation of the large numlMn* of piililMh<*d ohiervatione. 
Tlw available literature to May INS. waa reviewetl 
tTrvTMt, J. W. Proc. Roy Sue. Seriea B. iSt; 488. 1M7. 
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related in a linear fashion to that event when about 50 per cent of the 
animals are affected, best agreement among experiments in a given 
laboratory or among different laboratories is obtained if the dose re- 
sponsible for a given effect is expressed as that causing the effect in 50 
per cent of a group of animals. Moreover, when the proportion of ani- 
mals affected is about 50 per cent, a given increment of dose usually 
produces a greater change than at higher or lower dose-levels. 

It is of interest to point out that sulfonamides as a group represent 
drugs that are administered in a very high dose and are employed in 
amounts enormously greater than those of very potent drugs. For ex- 
ample, the initial oral dose of digitoxin with a molecular weight of 764 
is one mg , whereas the initial oral dose of sulfanilamide with molecular 
weight of 172 is alx)ut four grams. Thus, by actual weight, 4000 times 
as much sulfanilamide as digitoxin is administered. The discrepancy 
is still more striking if one calculates dosage in terms of molecules of 
drugs. Under these circumstances the dose of sulfanilamide is nearly 
18,000 times as great as that of digitoxin 

The immediate toxic effect (*^acute toxicity”) of sulfonamides is of 
limited value in predicting toxic potentialities It is usually essential 
that such a determination be made in comparison with known com- 
pounds under rigidly standardized conditions. The degree of acute 
toxicity will depend upon the route of administration and may be vastly 
different if one compares oral doses with doses injected subcutaneously, 
intraperitoneally or intravenously. Important factors in such a com- 
parison are often the solubility and absorbability of the sulfonamide 
used. For example, Powell and Chen® were not able to administer 
enough sulfapyridine by stomach tube to kill 50 per cent of a group of 
mice. Apparently the drug was so insoluble and so little absorbed 
that the capacity of the stomach limited dosage to the equivalent of 34 
grams per kilo body weight However, under the best of conditions 
the information obtained is only of preliminary interest. For ex- 
ample, the chief symptoms exhibited by animals receiving an acute 
lethal dose of a sulfonamide arc referable to the central nervous sys- 
tem The investigator may observe ataxia, spastic paralysis, tonic and 
clonic convulsions and other signs and symptoms often culminating in 
coma Such signs are almost never observed in patients receiving 
sulfonamides. 

An example of an early determination of the acute toxicity of sulf- 
anilamide is given in tabus 1, reproduced from the article of Marshall, 

■. M., a OlMa, X, X. Jour. Pkaraocol. tT: 7t. 19S0. 
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Table 1 

The Toxicity op Sulfanilamide and Acetylsulfanilamide in Mice 
(Marshall, Chitting and Emerson’) 


Sulfanilamide 


Acetylsulfanilamide 


Dose 

Gm./kg. 

1 

2 

3 

4 

5 

6 


Number 

Per cent 

tested 

mortality 

12 

8.3 

28 

7.1 

24 

26.0 

20 

660 

24 

'88.6 


Number 

Per cent 

tested 

mortality 

12 

00 

20 

46.0 

23 

67.0 

20 

70.0 

12 

76.0 

24 

92.0 


Cutting and Emerson. Figurk 1 illustrates the “acute toxicity of a 
number of sulfonamides as determined by Walker and van Dyke.* It 
is of interest that the data of Marshall, Cutting and Emerson® indicate 
that acetylsulfanilamide is more toxic than sulfanilamide itself. From 
FIGURE 1 it can be concluded that the toxicity of sulfathiazole deriva- 
tives varies in a manner tliat could not be predicted and that actual 
experiment alone demonstrated that hulfaetliylthiazole is the most toxic 
of the sulfonamides examined in this group. These two examples fur- 
nish information concerning the possible utility of ietermination of the 
acute lethal dose of sulfonamides. 

Marshall and his co-workers were pioneers in the investigation of 



Fratnui 1. Median lethal du«e (L D 50) of varioua sulfonamidea after one ■ubcutaneoua tniaeiion 
of aodium milfonamide into mice. To Miimate the L. D. 50, group* of mice not amaller wan fO 
each were uaed (from Walker and van Dvke^) 


’MnnhaU,!. X.,Jr., CutUac.W. C., JtlaMraoB, X. /our. An. Med. A*mk UD: f5t. 
* WmUut, H. A.. A tmi Dpk«. ■. 1. Jour. Pharmacol. Tt: 1S8. 1941 . 
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the relationship between the blood level of sulfonamides and toxic or 
therapeutic effects. In figuee 2, from the publication of Marshall, Cut- 
ting and Emerson,* the blood levels in relation to dose and compound 
are illustrated with regard to sulfanilamide and acetylsulfanilamide. 
In general, acetyl derivatives of sulfonamides are less soluble, less 
readily absorbed, and more toxic than the corresponding free acids. 
However, these statements do not necessarily apply to some of the 
methyl substitution derivatives of sulfadiazine. 



Fioito 2 Diff^rrticc in abnorption of nulfMiilamidp and areUhulfimil amide in email and lama 
doanca in a dog gnm at diffarant timae a Mnali and a large doM> of theea drugs. Dosage and oon- 
4f4itmtion of acctylsulfanUaniide on* expressed in terms of sulfamlamide (from MatshWi. Cutting 
ami KmePHtn*) 


Acetylation takes place principally in the liver, which presumably 
emplu>> acetate derivt'd from pyruvate or acetaldehyde, or both. The 
ftMiding of acetate or pynivate or acetoacetate increases the degree of 
acetylation of an aromatic amino compound like para-aminobenzoic 
acid tHensel'K Other experiments have been performed by Harrow, 
Po>%er and Sherwin ® Recent experiments on the mechanism of acet- 
ylation* employing rabbit liver tissue and sulfanilamide have been re- 

Z«tt. physiol. Chom. M: 401 1014. 

•lUrrow.B., Fovor.f. W..4hllMnriB,O.P. Proe. Soc. Exp. Biol Msd.t4:4tf itff. 
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ported by Klein and Harris.^ They concluded that intact liver celle 
alone can conjugate acetate and sulfonamide. This reaction is irre- 
versible and its rate is only slightly reduced under anaerobic conditions. 
The authors also discussed the formation of pyruvate from lactate as 
well as the conversion of pyruvate or acetaldehyde into acetate 

Marshall, Cutting and Emerson’ showed that the following relation- 
ship between blood level and symptoms of toxicity could be demon- 
strated in dogs receiving sulfanilamide: 

30 mg. per cent in blood no symptoms 
40 “ " mild 

60-80 “ “ severe 

100 “ “ coma, rigidity and paralysis 

Presumably some such relationship could be demonstrated with 
other sulfonamides, although the blood level corresponding to a given 
toxic effect would naturally vary. In contrast with such data, the ex- 
treme lack of toxicity of one sulfonamide should be cited Welch, 
Mattis and Latven® showed that monkeys could be given one gram per 
kilogram body weight of sodium succinyl sulfathiazolc, intravenously, 
daily for as long as ten days with negligible effects, although one kid- 
ney had been removed and althougli blood levels as high as 167 mg. per 
cent were encountered These same workers shev' ed that in the mouse 
a dose of 7 grams per kilogram body weight of the sodium salt given 
intraperitoneally killed about 40 per cent of a group of mice. In such 
animals the blood level of the succinylsulfathiazole rose to 775 rag, 
per cent accompanied by 10 mg. per cent of sulfathiazolc. In man the 
largest acute dose of sulfonamide that I have encountered is reported 
by Cutts and Bowman.® Nearly half a gram of sodium sulfapyridine 
per kilogram body weight was inadvertently administered to this pa- 
tient over a period of 10 hours by intravenous injection. The prin- 
cipal symptoms were restlessness, irritability, gross hematuria and 
jaundice. The authors attributed the patient’s complete recovery to 
his youth and good condition. 

Other acute effects of a large dose of a sulfonamide may be a de- 
creased clearance of creatinine by the kidneys and an acidosis with 
reduction of carbon dioxide combining power of the blood (e g , a fall 
from 56 volumes per cent to 39 volumes per cent was sometimes asso- 
ciated with a marked fall of blood pH to such low levels as 7.18 and 
7.25). Litchfield^® found no evidence of a local toxic effect uf sulf- 
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anilamide on either the frog heart or the guinea*pig uterus when the 
perfusion fluid or baUi contained 100 mg. per cent. On the other hand, 
sulfonamides definitely affect isolated cells growing as cultures, as 
demonstrated by the experiments of Jacoby, Medawar and Willmer.^^ 
These authors reported that the percentage of mitoses in cultures of 
fibroblasts or macrophages of fowl’s blood was reduced in the pres- 
ence of sulfonamides. The effect was reversible except in the presence 
of enormous concentrations of sulfanilamide. Sulfathiazole in terms 
of a saturated solution appeared to be more toxic than sulfapyridine or 
sulfadiazine. 

The effects of repeated doses of sulfonamides over a period of days 
or weeks have far greater bearing on possible harmful effects in man 
than do the acute toxic experiments that have just been considered. 
One of the favorite methods of determining chronic toxic effects is to 
administer repeated doses to groups of growing rats and to determine 
the effects not only on growth and other phenomena but also on the 
organs of the animals sacrificed at the end of the experiment. The 
cumbersome method of attempting to administer repeated daily doses 
by injection or stomach tube has been largely replaced by a method ad- 
vocated by Bieter and his associates.’® These investigators recom- 
mend that the drug be mixed with the food at one or more levels so 
that a continuous intake be assured, provided that the animals eat the 
food. By the use of this method it is also possible with specially de- 
signed cages and food containers to estimate accurately the daily food 
consumption and hence the daily dose of drug ingested by mice or rats. 
The other laboratory animals commonly used for similar experiments 
in which, however, it is usually preferable to administer individual 
doses are rabbits, dogs and monkeys The last-named species is par- 
ticularly useful since the signs and symptoms of poisoning presumably 
have more significance with regard to the use of such drugs in man. 
For example, in monkeys, it would be important not only to determine 
the effects on weight together with associated symptoms, but also ef- 
fects on the morphology as well as on the glucose and carbon dioxide 
combining power of the blood and effects on the kidneys as demon- 
strated by possible changes in the composition of the urine. At death, 
or at the sacrifice of the animals, it would be of great interest to learn 
what gross and patholo^pcal changes in important organs like the liver, 
kidneys, spleen, and lungs are present. 

A new aspect of chronic toxic effects of sulfonamides was first de- 
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scribed by Black, Overman, Elvehjem and Link.'*» These authors 
pointed out that a drug like sulfaguanadine, designed for intestinal bao- 
teriostasis, interferes with the bacterial synthesis of vitamins or vita- 
min-like substances. Growing rats placed on a synthetic diet contain- 
ing 0.5 per cent of sulfaguanadine exhibit in several weeks a hypopro- 
tlirombinemia as well as a marked reduction of the rate of growtli 
The hypoprothrombinemia can be corrected by the administration of 
2-methyl, 1,4 naptho-quinone. The growth deficiency can be corrected 
by the administration of para-aminobenzoic acid or of a suitable ex- 
tract, which the authors conclude is potent because of its content of 
folic acid. According to Welch” a similar effect is produced if the 
diet contains 1 per cent of succinyl sulfathiazole, with the exception that 
liver extract but not para-aminobenzoic acid makes possible the re- 
sumption of growth. A still more recent report has been published by 
Daft, Ashburn and Sebrell.^** These authors concluded that a 1 per 
cent concentration in the diet of either succinyl sulfathiazole or sulfa- 
guanadine, if continued for a much longer period, leads to a variety of 
pathological findings in the blood and certain tissues, including volun- 
tary muscle, A dermatitis appeared which could be corrected by lli(‘ 
administration of biotin. References to the latest work in this field 
will be found in the communications of Wright and Welch” and by 
Gant and her colleagues.^* 

MacKenzie, MacKenzie and McCollum” pointed out that a marked 
thyroid hypertrophy with pronounced hyperplasia of the epithelium of 
the thyroid appears in rats receiving sulfaguanadine in the diet for a 
long period. Subsequent reports by Mackenzie and MacKenzie*® and 
by Astwood and coworkers*^ confirmed the finding that iodides do not 
affect the progress of the hyperplasia. Since (1) the oalorigenic ac- 
tion of thyroid extract or thyroxine is not impaired and (2) hypo- 
physectomy prevents the thyroid hyperplasia and hypertrophy, it is 
concluded that the following chain of events occurs: the administered 
sulfonamide prevents formation of thyroid hormone; this deficiency 
leads to marked hypersecretion of anterior pituitary thyrotropic hor- 
mone which, although stimulating the tliyroid gland morphologically, 
does not lead to the expected formatioh of thyroid hormone because 
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the thyroid is poisoned by sulfonamide. The phenomenon can be pro> 
duced in mice, rats, and dogs but not in fowls and guinea pigs. It is 
much more evident after 8 ulfap 3 rridine or sulfadiasine than after sulf- 
anilamide or sulfathiasole. 

The “chronic” toxic effects of sulfonamides in man have sometimes ap- 
peared to be remarkably low. For example, Fitch** observed only in- 
conseqtuential symptoms such as drug rash and drug fever in a ten- 
year-old child receiving 28 grams of sulfamethylthiazole and 203 grams 
of sulfathiazole in a period of three weeks. The remarkable report of 
Thomas, France, and Reichsman** deals with 55 patients who were 
adolescents or young adults for the most part. These patients who had 
a history of repeated attacks of rheumatic fever were given prophylac- 
tic doses of sulfanilamide over a period of four years. During 8 
months of the first year each patient received about 215 grams of the 
drug. During 8 months of each of the three succeeding years the total 
dose was increased to 290 grams. Therefore, the total dose of each 
individual during a period of four years was approximately 1085 grams. 
There were remarkably few toxic symptoms. Occasionally there oc- 
curred a transient vertigo. The worst symptoms were described as 
drowsiness and itching. No granulocytopenia was observed, although 
the total leukocyte count tended to fall. On the other hand Sutliff, 
Helpem, Griffin and Brown** attempted to estimate the extent to 
which sulfonamides could be held responsible for deaths in New York 
City in 1941. They concluded that one death in about 2600 could be 
attributed to sulfonamides. They believed such drugs to be responsi- 
ble for a higher proportion of deaths in patients ill with pneumonia 
(one in 1600). 


A number of authors and their associates have published tables out- 
lining the toxic effects of various sulfonamides (Long, Finland, Flip- 
pin, Spink, and others). The table reproduced as table 2 was pub- 
lished by Dowling and Lepper.** In this table the comparative toxic 
effects of Bulapyridine, sulfathiazole and sulfadiazine as observed by 
two investigators suggest the type and frequency of toxic effects that 
may be expected in man. Naturally the percentage of toxic compli- 
cations observed will vary from clinic to clinic depending upon ade- 
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quacy of observation, teclmique of dosage, diseases treated, age of 
patients, etc. For the purpose of this presentation, however, the table 
of Dowling and Lepper furnishes a satisfactory basis for subsequent 
discussion. 


Table 2 


Toxic Effects of Sulf^pyridine, Sulfathiazole and Sulfadiaaink in Man 


Toxic Reaction 


Vomiting 

Renal calculus 

Drug fever, dermatitis and/ 

or conjunctivitis 

Mental confusion 

Leukopenia (with or with- 
out granulooytopema) 
Acute hemolytic anemia . 

Leukocytosis 

Yellow vision 

Peripheral neuritis 

Total patients with toxic 

reactions 

Patients with no toxic 
reactions 

Total patients treated 


(Dowling and Lepper”) 


Sulfapyndme 

Sulfathmzole 

Sulfadiazine 

No. of 

Per 

No of 

Per 

No. of 

Per 

patients 

cent 

patients 

cent 

patients 

cent 

102 

20.1 

19 

59 

9 

14 

8 

16 

9 

28 

10 

16 

12 

24 

20 

6.2 

13 

2.0 

12 

2.4 

5 

1.6 

10 

1.5 

6 

12 

i 

12 

6 

0.9 

7 

14 

1 

03 

1 

0.2 

0 

0 

0 

0 

2 

03 

0 

0 

1 

03 

1 

0.2 

1 

02 

0 

0 

0 

0 

149 

29.4 

58 

118 

51 

7.7 

359 

706 

263 

*i82 

609 

926 

508 

100.0 

321 

1000 

660 

1000 


CHANGES IN THE BLOOD 
Granulcx:ytopcnia 

Leukopenia is frequently observed following the administration of 
sulfonamides to patients in whom there is no pre-existing leukocytosis. 
Leukopenia may herald one of the most serious toxic complications of 
sulfonamide therapy — agranulocytosis. In many instances, there is 
found simply a reduction in the number of granulocytes in the blood 
(granulocytopenia). If this is observed the sulfonamide should be 
withdrawn unless compelling reasons urge a continued cautious admin- 
istration. If granulocytopenia is detofcted during sulfonamide ther- 
apy and the drug is continued, there is real likelihood that the granulo- 
cytes will disappear from the blood entirely and that fever associated 
with marked inflammation and necrotic changes in the pharynx will be 
observed. A number of authors have reported that withdrawal of the 
sulfonamide when granulocytopenia is detected is no guarantee that 



486 


ANNALS NSW YORK ACADEMY OF SCIENCES 


agranulocytosis will not appear. It is impossible to state how many 
individuals have died of agranulocytosis caused by sulfonamide ad- 
ministration. However, there probably have been hundreds of fatali- 
ties. Usually granulocytopenia or its serious terminal development, 
agranulocytosis, is observed in patients who receive large total doses 
of sulfonamides over periods of 18-25 days. This complication rarely 
appears earlier than about 12 days after the beginning of therapy. In 
the first two cases reported in which sulfanilamide was the offending 
drug, 54 grams of sulfanilamide were administered to one patient during 
19 days^®; to the other patient 44 grams of drug were administered over 
25 days.*’ Young’s hematological data are presented in table 3 


Table 3 

Aqkani7ia)cito81s (cUHtippearance of “polymorphs” and othf‘r leukocytes with 
granules) following the Administration of Sulfanilamide* 

. 3 6 9 

Hemoglobin (per cent) _90 

Leukocytes (per emm ) 

Polymorphs (per emm ) 

Lvmphocytes 
Monocytes 
Eosiuoplals 
Basophils 
Myelocytes^ 

\meth count 


12,000 9300 8300 9,700 7300 1,800 2,300 
6,600 5,047 4,633 6,984 5,694 
4344 3377 2,214 2,085 1,755 


u 


660 

784 

861 

388 

351 

1 44 


396 

392 

410 

194 

0 

( 44 


0 

0 

41 

0 

0 

i 44 


0 


41 

4 ^ 

0 

I per 

cent 

32 



32 

41 

69 

58 

II “ 

<( 

45 

44 

41 

34 

34 

III “ 

“ 

21 

24 

17 

7 

8 

IV “ 

“ 

2 

0 

1 

0 

0 

V “ 


0 

0 

0 

0 

0 

II (per 

emm ) 

5,082 

3300 

3,772 

6310 

5344 

morphs 


193 

192 

178 

148 

150 


Toxic granulation in 

polymorphs per_cent 0 0 0 0 2 — 

• Th^ reffutt^ of reposted exatntnsiion of the blood of a patient receiving 3 gm of Niilfanilsmide 
dsily on dsye 1-10 are given above The dnta were pubheheit bv ^ oung 
t Ml < mints 3 houm aftir death 


23 

24t 


El 

1,800 

2,300 

0 

0 

1300 

2,300 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Any sulfonamide may provoke granulocytopenia and agranulocytosis 
Howev'cr, the appearance of this syndrome has occurred more fre- 
quently after the administration of sulfanilamide, perhaps because the 
total number of cases treated by sulfanilamide is greater than that of 
any other sulfonamide 

Agranulocytosis lias sometimes been likened to pernicious anaemia 
and has been called pernicious leukopenia The etiology so far as 
sulfonamides are concerned, probably, is a depressant or destructive 
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effect of the responsible drug on the cells of the bone marrow from 
which granulocytes are derived. In agranulocytosis there may occur 
a complete myeloid aplasia. 


Effects on Erythrocytes or Hemoglobin 

It is more convenient to continue the discussion of the effects of 
sulfonamides on other aspects of the morphology or chemistry of the 
blood than to consider other drug complications in the exact order of 
their importance The second effect on the blood that immediately 
comes to mind is hemolytic anemia. 

Hemolytic anemia is characterized by an increase of the fragility of 
the erythrocytes accompanied by intravascular hemolysis, anemia, and 
a compensatory increase in the proportion of young erythrocytes or 
reticulocytes. Usually hemol)rtic anemia, owing to sulfonamide ther- 
apy, occurs during the first eight days of therapy and is observed 
most frequently about the fifth day. A drug like sulfanilamide prol)- 
ably causes this change more frequently in children than in adults 
Anemia is observed because the compensatory production of reticulo- 
cytes does not keep pace with the destruction of mature erythrocytes 
In severe cases, 30 per cent or more of the circulating red cells may un- 
dergo destruction representing a loss of 600-700 "^ams of pigment de- 
stroyed or excreted as hemoglobin or derivatives of hemoglobin. Hem- 
olytic anemia may be caused by sulfanilamide, sulfapyridine, sulfathia- 
zole, sulfadiazine or diaminodiphenylsulfone (Another type of anemia 
in which the poisonous effect of the drug is exerted on the blood-forming 
cells of the bone marrow, aplastic anemia, has been observed only 
rarely in association with sulfonamide therapy.) 

There has been considerable discussion of the mechanism by which 
sulfonamides increase the fragility of the erythrocytes Perhaps as 
satisfactory a hypothesis as any is that oxidation products of sulfona- 
mides are the responsible agents. For example, Emerson, Ham and 
Castle** pointed out that para-aminophenol and phenylhydroxylamine, 
perhaps produced in the body after the administration of a sulfonamide, 
readily cause hemolysis both in vitro and in ? ivo On the other hand 
Thorpe, Williams and Shel8well,*®» contradicting James,” could ob- 
tain no evidence that these or related substances occurred in tlie urine, 
although 8-12 per cent of the dose of sulfanilamide appeared as a 
phenol-hydroxy body conjugated with sulfate. Rimington and Hem- 
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inings’*' »» attributed to an obscure toxic effect of a sulfonamide; like 
sulfanilamide, the abnormally high urinary and fecal excretion of por- 
phyrins. The effect persists several weeks after cessation of therapy. 
It is of interest that certain coproporphyrins, hematin derivatives con- 
taining no iron, vary in their excretion ratios in different animals. In 
the rat receiving sulfanilamide, coproporphyrin III is the chief excre- 
tion product in this category, whereas, in man, after similar treatment 
about equal amounts of coproporphyrins I and III are excreted. Rim- 
ington and Hemmings^* concluded that a substance containing an un- 
substituted or a potentially free aromatic amino group causes an ab- 
normal increase in porphyrin excretion. They believed that such an 
effect is more certain if the drug in question undergoes degradation or 
oxidation to hydroxy lamine or imino-quinone. Usually the excretion 
of abnormal amounts of porphyrins is associated with methemoglobi- 
nemia. 

In addition to effects on erythrocyte fragility, sulfonamides also 
bring about changes in the blood pigments. In the preceding para- 
graph, methemoglobinemia was mentioned as a common finding asso- 
ciated with altered porphyrin excretion. Cyanosis occurs very fre- 
quently in patients receiving sulfanilamide and there has been consid- 
erable debate concerning its explanation. Some authors believe that 
cyanosis is not necessarily associated with a change in hemoglobin and 
they have suggested that a colored derivative of the drug is responsible 
for the cyanosis.*^' Indeed, James reported that such a pigment 
can be produced in vitro by the action of light in the presence of iron 
and an oxidising agent such as HjO*. Others believe that methemo- 
globin is principally responsible for the cyanosis and that the failure of 
some authors to recognise its presence is to be attributed to technical 
deficiencies. Harris and Michel*^ reported that 58 per cent of patients 
receiving sulfanilamide exhibited methemoglobinemia. The functional 
hemoglobin may be reduced 15-80 per cent, but this reduction is not 
necessarily related to the blood level of a drug like sulfanilamide.** 
Sulfonamides can produce methemoglobinemia in the fowl, the pigeon, 
and rat.**' ** Rimington and Hemmings** have suggested that a hypo- 
thetical oxidation product of sulfonamide causes the conversion of hem- 
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oglobin into methemoglobin, perhaps according to the following 
scheme: 


0 + Hb I y + met Hb (ortho- instead of para-imino-quinone 
k y might be the oxidant) 


As first discovered by Wendel,^® methylene blue effectively reduces 
the methemoglubin caused by the administration of sulfanilamide. 
Intravenous doses of the order of 0.1-1 mg. per kg may reduce nearly 
all the circulating methemoglobin in about 45 minutes. Oral doses of 
the order of 1 gram likewise are highly effective although the rate of 
reduction is naturally slower. WendeP* suggests that methylene blue 
is reduced in the body to the leuko form and that the latter reduces 
methemoglobin to hemoglobin. 

Another blood pigment to which considerable attention has been 
given is sulfhemoglobin following the first report of Colebrook and 
Kenney*^ in 1936. The existence of sulfhemoglobinemia is illustrated 
by the report of Harris and Michel,*^ who found the pigment m 8 per 
cent of patients receiving sulfanilamide. Richardson^* concluded that 
this pigment instead of methemoglobin is found in the blood of mice 
receiving either sulfanilamide or sulfapyridine. Sulfathiazole did not 
produce sulfhemoglobinemia in mice. On o prion grounds and on the 
basis of Richardson’s work, the belief of physicians that the concur- 
rent administration of sulfates and sulfonamides must be avoided to 
prevent possible sulfhemoglobinemia appears to have r. i foundation. 
When investigators refer to sulfhemoglobin they usually refer to an 
abnormal pigment, not methemoglobin, with an absorption band at 
about 620 millimicrons. There is no good evidence that such a pigment 
is identical with that deri^'ed from hemoglobin by the action of H?Oi 
on hemoglobin in the presence of inorganic sulfide ion.** (Harris and 
Michel suggested that an active derivative of sulfonamide in associa- 
tion with sulfide acts upon hemoglobin* to produce sulfhemoglobin.) 
The latest view of Fox and Ottenberg** is that what has been identified 
as sulfhemoglobin in patients receiving sulfanilamide is really the 
methemalbumin of Fairley.** 
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Two Other (shanges in the blood deserve mention. Thrombocyto- 
penia with purpura is a rare complication of. sulfonamide therapy. In 
about one-half the reported cases death has occurred. After South- 
worth^^ recognized that the clinical use of sulfanilamide is associated 
with a reduced COj combining capacity of the blood (“acidosis”), a 
number of confirmatory reports have appeared Beckman, Krayer, 
and Bauer*^ attributed this change to a renal loss of bicarbonate and 
sodium with retention of chloride owing to deficient tubular reabsorp- 
tion of sodium and bicarbonate. The explanation of the exact mech- 
anism of the acidosis rests upon the discovery of Mann and Keilin*^ 
that sulfanilamide and other substances of the sulfonamide group 
poison the carbonic anhydrase of Meldrum and Roughton. This en- 
zyme, present in high concentration in erythrocytes, catalyzes the re- 
lease of carbon dioxide from carbonic acid and bicarbonate. Mann 
and Keilin showed that as little as 2 X 10*®m concentration of sulf- 
anilamide poisons the enzyme, whereas sulfonamides without a free 
sulfonamide group (eg. sulfapyridine, sulfathiazole, or sulfadiazine) 
are without action Subsequent work in man by Roughton, Dill and 
their coworkers, **• as well as by Wood and Favour,’'® fully confirm 
the belief that sulfanilamide, but not sulfathiazole or sulfadiazine, pro- 
duces a fall of the carbon dioxide combining power of the blood Ap- 
parently sulfanilamide poisons the carbonic anhydrase so that the re- 
lease of carbon dioxide in the lungs is extremely deficient. Carbonic 
anhydrase is also found in high concentration in (acid) secreting celW 
of the gastric mucosa and in the cortex of the kidney where it appears 
to catalyze the reabsorption of bicarbonate Therefore, if the renal 
enzyme be poisoned, bicarbonate is lost and the alkalinity of the urine 
is increased An explanation of the results of Beckman, Krayer, 
and Bauer^® is thus furnished 


EFFECTS OF SULFONAMIDES ON THE KIDNEYS 


Only after N* -heterocyclic derivatives of sulfanilamide were in- 
troduced was there recognition of serious toxic effects of sulfonamides 
on the kidneys Because these new derivatives are the drugs of choice 
in the treatment of bacterial infections, renal complications attending 
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therapy by such drugs deserve the most careful scrutiny. Up to the 
present, sulfapyridine and sulfathiasole have frequently been respon- 
sible for renal damage. Sulfadiazine has been implicated much less 
frequently. Usually the damage is the result of mechanical obstruc- 
tion which may be as low as the ureters or as high as the nephron, 
although, in animals, there may appear focal injury of the tubules and 
glomeruli independent of any precipitation of free or acetylated drug 
in the tubules and pelves of the kidneys (e g. sulfathiazole) If it is 
agreed that mechanical obstniction is the important factor of renal 
damage, then the following factors determine the extent to which a 
given drug will produce renal pathological changes: 

1. The solubility of free and acetylated drug is of great importance 
Figure 3 illustrates the relationship with reference to sulfathiazole as 


Co lubthitj Curvca of SulfttihitttoU and Actti«ltulfathia toU 


buffer 



M|/joom’ - 40 to uo 160 too MO 

Figukb 3 Rolubilitj of j^ulfathiacole and ac«‘t\l«ulfathmrol« (fiom Himdcrmaii and 

14w»ditt“) 


reported by Sundennan, Pepper and Benditi It is appaient that 
after acetylation the solubility of sulfathiazole is greatly reducctl and 
the danger of its precipitation in the urine is correspondingly increased 
An experiment comparing the solubility of free and acetylated sulfadia- 
zine and sulfanierazine f2-sulfanilamide-4-inethylpyniriidine) is graph- 
ically portrayed in figure 4 reproduced from the paper of Welch, Man- 
tis, Latven, Benson, and Shiels®'' It is of great interest that the 
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acetylated ooni|>ouml» are more soluble than the free druRS and that 
the solubility of acetyl sulfamerazine is great enough so that the danger 
of urinary pr<‘cipitati()n is very small in comparison with the acetyl 
derivative of a drug like sulfathiazole. (Rose, Martin, and Bevan®® re- 
ported that sulfamethazine (2-sulfanilamide-4, 6-dimethylpyrimidine) 
is more soluble than the aeetylated derivative; but this relationship 
has not l>een confirmed by others ) 

2 A second factor of real significance is the rate of clearance of the 
free or aeetylated drug during urinary excretion. If the drug in ques- 
tion is completely or nearly completely cleared, the ultrafiltrate of 
plasma passing from the glomerulus to the tubular lumen contains a 
higher and higlier concentration of drug as the fluid flows to the collect- 
ing tubule, since water and useful ions, including bicarbonate, are re- 
absorbed by the tubular epithelium, whereas the drug is poorly reab- 
sorbed. Thus not only does tlic concentration of drug in the tubular 
fluid rapidly rise but at least one other condition favoring its precipita- 
tion, lowering of pH, also appears. In the case of sulfathiasole it is 
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probable that the acetylated derivative is more rapidly cleared than 
the free drug, which itself is noted for its rapid renal elimination. 

3. The hydrogen ion concentration of the urine has just been men- 
tioned as an important factor determining whether or not free or acety- 
lated drug or both will be precipitated in the urine. The higher the 
pH of the urine the less likely is the formation of drug uroliths either 
microscopically or grossly. 

In man, there is no necessary relation between total dose and urolith 
formation which has occurred following the administration of as little 
as 5 to 6 grams of sulfonamide or as much as 72 grams. The first clin- 
ical report suggesting urolith formation was that of Adalja.^^ Credit 
for the unquestioned recognition of this complication belongs to Anto- 
pol and Robinson” and to Gross, Cooper, and Lewis, who simultane- 
ously reported experiments on rats receiving sulfapyridine. In man, 
the complication of drug precipitation in the urinary tract has occurred 
following the administration of sulfapyridine, sulfathiazole, sulfadia- 
zine, and sulfaguanidine, ranging from transient hematuria to such 
serious symptoms as oliguria, renal colic, anuria and even death. 
Probably sulfathiazole is the worst offender among drugs in common 
use today. Some idea of the pathological complications as they are 
observed in the rat and monkey after repeated administration of sulfa- 
pyridine or sulfathiazole may be gained from figures 3-12.** 

Discussion of this topic would not be complete without mention of 
the remarkable properties of succinylsulfathi azole as reported by 
Welch, Mattis, and Latven® in 1942. In contrast to sulfathiazole, its 
N^-succinyl derivative, although producing a severe crystalluria as 
after the intravenous injection daily of one gram of the sodium salt per 
kilogram body weight into unilaterally nephrectomized monkeys, 
causes neither significant renal damage nor the formation of any drug 
concretions. Succinylsulfathiazole may appear in the urine in the re- 
markably high concentration of 12 grams per cent. 


AdiOJa. S. V. Brit. Med. Jour. 1: MS. IMS. 
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Plate 1 

Figubl 5 Sulfupyndmt Kat kidnoy showing hydronephrosis with compres- 
Sion of the organ and dilatation of tubulrs m cortex and medulla (X7 H and £ ) 

Figure 6 Sulfapyridine Monkey 49 Kidne\ Hydroncphiosw and hydro- 
ureter on the right side 

(Figures 5 and 6 from Rake, van D\ ke, and Corwin “) 
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Plate 2 

Fiqube 7. Sulfapyridiae. Rat kidney showing tho total width of the organ. 
Some tubules dilated, others collapsed and siirrounded with scar tissue (X. 110. 
H. andE.). 

Figuke 8 Sulfapviidiiie. Hat kidney showing the outline of crystals in a 
tubule and .surrounding leukocytic infiltration (X 110. H. and £.). 

Figure 9 Sulfapyridme. Monkey kidnev showing albuminous cast filling the 
glomerular capsule and commoncGment of the tubule (X 260. H. and £.). 

Figure 10 Sulfapyridine Monkey kidney sliowiM leukticytic infiltration in 
jind around tubules forming an ab.sceas (X 110. H. and E.) 

Figure 11 Sulfathiuzole. Monkey kidney showing the outline of crystals in 
tubules and surrounding leukocytic infiltration (X 110. H. and E ). 

Figure 12. Sulfathiazolc. Monkey kidney showing leukocytes in and around 
the tubules (X 110. H. and E.). 

(Figures 7-12 from Hake, van Dyke, and C'orwin.*'*) 
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Plate 3 

Fiouius 13 Morbilliform rash with definite hemorrhagic lesions following Die 
administiation of sulfamlamide (figure from Hageman and Blake**) 

Figuke 14 Nodular rash following the administration of siilfathiasole (figure 
from Volmi, Levitt and O’Neill*) . 
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EFFECTS OF SULFONAMIDES ON NERVOUS TISSUE 


Effects of sulfonamides on the central nervous system were first ob- 
served in animals during the determination of acute toxic effects of 
single doses. Under these conditions ihe changes produced are entirely 
in the central nervous system and consist of purposeless running move- 
ments, spastic paralysis, convulsions, coma and a variety of intermedi- 
ate symptoms, all of which are not peculiar to a particular sulfonamide. 
Deleterious cerebral effects of ordinary therapeutic doses of sulfanila- 
mide are well recognised and have led to the recommendation that for 
3 to 7 days after cessation of sulfanilamide therapy the individual 
should not undertake any responsible tasks such as piloting an air- 
plane, operating an automobile or making important decisions. 

For the experimental determination of delayed or chronic toxic ef- 
fects of sulfonamides on the nerv’ous system, birds (pigeons, fowls) 
appear to be the best experimental animals, since they are much more 
sensitive to nervous injury, especially of the peripheral nerves, than 
are mammals. Earlier work was done by Hiillstrung and Elrause,^^ who 
concluded that the mono- and di-methyl derivatives of sulfanilyl- 
sulfanilamide can cause polyneuritis in pigeons. Rosenthal*^ and 
Nelson®* in the following year were not able to demonstrate that sulf- 
anilamide had much effect on the central or peripheral nervous systems 
of fowls. In 1941 Bieter and his colleagues®'* studied the effects of six 
sulfonamides on the brain, spinal cord (including peripheral axones 
and myelin sheaths) and peripheral nerves of white Leghorn fowls. 
Substances which had the greatest toxic effect were sulfaphenylthia- 
zole, dimethylsulfanilyl-sulfanilamide and sulfamethylthiaxole. The 
three other sulfonamides listed in decreasing order c' toxicity were 
sulfathiazole, sulfapyridine and sulfanilamide. Sciatic nerves of ex- 
perimental fowls c ‘ ten contained a concentration of sulfonamide high in 
comparison with the blood, liver, brain and spinal cord. 

In man peripheral neuritis has appeared in about 3 per cent of pa- 
tients treated either with uliron (sulfanilyl-dimethylsulfanilamide) or 
sulfamethylthiaxole. Cases have also been reported following the ad- 
ministration of sulfapyridine, sulfathiazole, sulfadiazine and sulfanila- 
mide.®® Sulfanilamide was reported by Bucy®® to have caused neuritis 
of the optic nerve. Effects on the peripheral nerves are probably less 
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specific than those on the spinal cord or brain. Sulfonamides have also 
caused toxic psychosis and even encephalomyelitis. A peculiarity of 
sulfathiasole is that it may cause postoperative epileptic seizures if it 
is applied to the surface of the brain or at the closure of a craniotomy 
wound. Such an effect is not produced by sulfanilamide, su]fap3aidine, 
sulfadiasine or sulfacetamide.^^' 


CUTANEOUS EFFECTS OF SULFONAMIDE THERAPY 


Effects of sulfonamides on the skin have attracted considerable at- 
tention, since these cutaneous manifestations may occur frequently. 
Usually they do not put in appearance until after a lapse of 10-12 days’ 
treatment. The frequency in patients is illustrated by the following 
percentages: sulfanilamide, 3-10 per cent; sulfapyridine, 10 per cent; 
sulfathiazole, 13 per cent or more. The types of cutaneous changes are 
varied. Morbilliform rashes are frequent and were described in 1937 
by Hageman and Blake**® (figure 13). Scarlatiniform and urticarial 
rashes liavc been described If the toxic effect is of great severity 
otherwise, there may be an accompanying exfoliative dermatitis. Spe- 
cific rashes have been described only after the administration of sulfa- 
thiazole (see figure 14, from the paper of Volini, Levitt, and O’Neill) .®® 
After the administration of sulfathiasole, conjunctivitis, with or with- 
out nodular cutaneous lesions resembling those of erythema nodosum, 
may appear. Schnee’^® has observed membranous inflammation of the 
conjunctiva and of the mucous membrane of the nose, mouth, phar3mx 
and larynx following sulfathiasole therapy. 

Considerable attention has been directed to the mechanism by which 
sulfonamides produce cutaneous changes. Drug idiosyncrasy, con- 
genital or induced by single or repeated courses of sulfonamide ther- 
apy, has l)een one classification favored by some authors. Idiosyn- 
crasy can, of course, appear months after a previous course and appar- 
ently can be induced by sulfanilamide, sulfathiazole or sulfadiazine. 
Sometimes photosensitization appears to be an important factor in de- 
termining whether or not a sulfonamide will induce inflammatory 
changes in the skin. Erskine^^ reported that ultraviolet irradiation in 
association with sulfonamide may provoke cutaneous inflammatory 
changes. Working in the Near East, Park and Platts” reported that 
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toxic manifestations in the skin following sulfonamides were often re- 
lated to ihe degree of exposure to sunliglit. The skin of subjects con- 
taining large amounts of melanin, as in Maoris, was never affected by 
the administration of sulfonamides. A tliird explanation which has 
been offered is that cutaneous changes arc an allergic response with or 
without an associated fever. In no instance has any investigator bei‘n 
able to show that the drug itself is responsible, so far as this can Ih‘ 
demonstrated by patch tests, by intradermal injections or by a pre- 
cipitin reaction between sulfonamide and the serum of individuals who 
are hypersensitive. Drug alone can neither produce passive sensitiza- 
tion in man or guinea pig nor anaphylaxis in the guinea pig 

It is probable that a product of drug metabolism is really responsible 
for many of the cutaneous changes following sulfonamide therapy In 
this connection the experiments of Epstein^’ may be c*ited, ns this 
author found that the intracutancous injection of sulfanilamide, accom- 
panied by ultraviolet irradiation of the area, might be followed by ery- 
thema and urticaria-like changes in 10 days When the injection was 
repeated later the reaction was induced in only 24 hours The author 
l>elieved that local sensitization to a product of the irradiated intracu- 
taneous sulfanilamide had occurred. Among metabolic products which 
have been implicated are certain hypothetical r nidation jiroducts such 
as phenylhydroxylamine and para-aminophenol Previous mention of 
the possibility of the appearance of such substances was made in con- 
nection with the discussion of the work of Rimington and Hemmings.'*'' 
A remarkable case having a bearing on this question is that of Rogers 
The patient in question had been sensitized to procaine and procaine 
derivatives since 1923. In 1938, following the administration of 1 6 
grams of sulfanilamide, there appeared, after 36 hours, and continued 
during the next 3-10 days, erythema, itching, swelling and tendernosb 
at all sites of operation into which procaine or another derivative or 
para-aminobenzoic acid had been injected to produce local anesthesia 
The symptoms 'spread from these primary sites so that maximum 
changes were present at about the third week. Although Rogers found 
that the patient exhibited a positive scratch test to procaine, this test 
was negative when sulfanilamide was ’similarly used. Rimington and 
Hemmings’’ believed that very useful information might have been 
obtained if Rogers had also employed for such tests phenylhydrox* -la- 
mine or para-aminophenol. 

Work in another direction has been reported by Abernathy, Bukantz, 
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and Minor^* and WedumJ* The finptrnamed authors found that if 
diasotised sulfathiasole was coupled with globulin or serum albumin, 
this asoantigen was precipitated by the serum of a patient sensitised 
to sulfathiasole. Wedum made asoproteins of sulfanilamide, sulfa** 
P 3 nridine and sulfathiasole. With such asoproteins he could produce 
anaphylactic shock, precipitin reactions and cutaneous sensitisation. 
The asoproteins cross-reacted except perhaps in the production of ana- 
phylactic shock. No reaction by any test with drug alone could be 
demonstrated. Para-aminobensoic acid when coupled with proteins 
proved to be only a weak antigen. 

It appears certain that para-aminobensoic acid does not antagonise 
the toxic effects of sulfonamides. Strauss, Lowell and Finland^^*** 
showed that as much as 29 grains of para-aminobensoic acid, adminis- 
tered as one gram every 2 hours, did not affect either fever or rash 
owing to sulfathiasole sensitivity 

DRUG F£V£R 

Fever itself may appear without an accompanying rash (pigube 15) , 
and may or may not be associated with leukocytosis Drug fever is, of 
course, a frequent complication of sulfonamide therapy and may be the 
outstanding manifestation of sensitisation to one or more sulfonamides. 
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Lyons and Balberor^* found that drug fever appeared in one-third of a 
group of patients to whom sulfathiasole was administered a second 
time, although the first course of treatment caused no febrile reaction. 
Acquired sensitization to sulfathiazole characterized by a striking 
febrile reaction is shown in Fiouas 16, as reported by Nelson.**^ 




•ay ar lUaaaa 


Fioon 16 Acquired aenaittvily to aulfonaimdea Seven montha previoualy the petiant bed* re- 
ceived 1 gm of aulfathiaaole every four houra for three daya The aulfonamide doeea liated in thfi 
flfure r eprea en t the auma of divided doeea Other ayn^toma were nauaea and headache with or 
without raah Thia figure waa ongi^y publiahed Jby Kelaon ** 


EFFECTS OF SULFONAMIDES ON THE LIVER 
Fortunately, severe liver damage is not a frequent manifestation of 
poisoning by sulfonamides. Hemolytic jaundice is perhaps the least 
serious hepatic disturbance caused by these drugs. A toxic hepatitis 
may be associated with exfoliative dermatitis and indicates a severe 
general toxic effect of whatever sulfonamide may have been employed 
The most serious effect on the liver is the production of an acute yellow 
atrophy. This change has been report^ in patients who have re- 
ceive 27-45 grams of sulfanilamide over a period of several weeks. 
The possibility of its occurrence requires that sulfonamides be given 
with great caution if liver disease be present. 
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THERAPEUTIC CONSIDERATIONS 

The following therapeutic rules emerge from any discussion of the 
toxic action of sulfonamides: 

1. No sulfonamide should ever be employed therapeutically unless 
its use is clearly indicated. Sulfonamides are not drugs suitable for 
trivial complaints and should not be employed for a disease in which 
the diagnosis is in doubt unless the patient’s life appears otherwise to 
be endangered 

2. When administering sulfonamides, the physician should be con- 
stantly on the alert for signs and symptoms of toxic effects, especially 
with reference to changes in the blood and in the urine, to avoid the 
serious complications of granulocytopenia and severe renal damage 
owing to the precipitation of free or acetylated sulfonamide. 

3. Doses should be adequate, but never excessive or too small The 
most satisfactory guide to adequate dosage is the level of free sulfona- 
mide in the blood. 

4 Sulfonamides should be employed for the minimal time neces- 
sary, It is extremely unlikely that the continuation of adequate ther- 
apy longer than two to three weeks will be of lienefit to the patient. It 
is a wise rule to redouble the search for signs or symptoms of sulfona- 
mide poisoning whoncvor therapy is continued longer than 10 days 
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INTRODUCTION 

A knowledge of the antagonists and dynamists ol the sulfonamides 
is of importance from both the practical and the theoretical points ot 
view On the one hand, it can suggest metliods for increasing the po- 
tency of the sulfonamides, and it can also tell us why thc‘8C‘ drugs are 
ineffective in certain locations On the other, it is stimulating the inven- 
tigation of metabolic systems, previously unknown, which play a iimjoi 
role in the anabolic processes of growth and multiplication In this 
review, antagonists, dynamists, and to some ex** nt, synergists will be 
discussed under three headings. (1 ) determination of activity, (2) Mim- 
mary of the literature, and (3) mode of action 

DETERMINATION OF ACTIVITY 

A survey of the literature shows no agreement upon what constitutes 
an adequate technic for the quantitative measurement of antagonism 
or dynamism, most workers being content with a qualitative statement 
of their results Because of this, it is often difficult to estimate how 
active a given agent is, or to compare the activity of different agents, 
or the work of different laboratories. In a general way, the outline h'r 
a quantitative method is implicit in the definition of the agents under 
discussion.^ 

Antagonists increase the concentration of sulfonamide required to 
produce a chosen degree of inhibition. Therefore, let the fold-increase 
in the sulfonamide concentration be the measure of antagonism V or 
example, in the absence of X, 1 mg. per cent sulfonamide inhibits the 
rate of growth by 50 per cent. In the presence of X, 5 mg. r>er cent 
sulfonamide inhibits by 50 per cent. Here the antagonism is 5-fold. 
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Dynamiits* (or potentiators) are not inhibitory per se^ but do de- 
crease the sulfonamide concentration required to produce a chosen de- 
gree of inhibition. Suppose that the addition of F to the medium, 
although without effect by itself, decreases the required sulfonamide 
concentration for 50 per cent inhibition from 1 mg. per cent to 0.1 mg. 
per cent. Here the dynamism would be 0.1-fold. It will be noted that 
on this scale of measurement, fold-changes greater than 1 indicate an- 
tagonism, while those less than 1 indicate dynamism. 

Synergists are inhibitory per se: their presence decreases the required 
concentration of sulfonamide. The measurement of synergism is diffi- 
cult because both the agent and the sulfonamide inhibit growth. A 
possible method involves the testing of synergists at only certain ‘func- 
tionary concentrations, e.g., those producing inhibitions of 5, 10 and 20 
per cent At each of these, the concentration of sulfonamide necessary 
to produce the chosen degree of inhibition would be determined, and 
the fold-change calculated 

In studying the mode of action in PAB, a number of workers**®; have 
calculated the SA/PAB ratio, i e , the number of molecules of sulfona- 
mide antagonized by one molecule of PAB, and have found it to be 
constant over a wide range of SA concentration Although its signifi- 
cance is somewhat different, the SA/PAB ratio can be translated into 
the terms of fold-antagonism. For example, suppose that the test or- 
ganism is inhibited 50 per cent in the presence of 10-®m SA and 10 *m 
PAB, the value of the SA/PAB ratio being 1,000. If the PAB concen- 
tration is increased 10, or 100, or 1,000 times, the SA concentration must 
be increased likewise to maintain the chosen degree of inhibition (50 
per cent) , and the fold-antagonism will increase from 10 to 100, and to 
1,000. Note that PAB is effective througliout the entire SA concentra- 
tion range, and consequently the fold-antagonism can be made almost 
as great or as small as desired by adjusting the concentration of PAB.^ 
Obviously, in this case the fold-antagonism is a less elegant measure of 
antagonism than the SA/PAB ratio. 

When dealing with agents other than PAB, however, the situation is 
different, and the fold-change provides a suitable measure. The reason 
for this lies in the fact that the agents known today are not effective 
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throufl^oot the entire SA concentration range. In other words, it is 
always poscahte to increase the SA concentration to such an extent that 
the antagonist ceases to be effective no matter how much of it is em- 
ployed. F or this reason, there is an optimal concentration or concen- 
tration range for each agent, and, when this is employed in the test, the 
fold-change calculated is a convenient and highly significant datum. 

The design of an experiment to measure the fold-change involves a 
number of considerations. The general plan of the experiment is to 
determine the concentration of SA producing a chosen percentage of 
inhibition, both in the presence and absence of the substance under 
test. It is to be emphasized that the inhibition is in the rate of growth, 
and should be independent of the number of cells present. The latter 
condition, perhaps, can not always be achieved in practice (e.g , in the 
case of organisms excreting PAB into the medium) , though it probably 
can always be approximated The necessity for thinking in terms of 
rates instead of cell numbers is illustrated by the following example; 
if from inocula of 1 cell, two cultures produce respectively 1,000 cells 
(control) and 500 cells (drug), the average inhibition in the rate of 
growth for the period is 10 per cent, not 50 per cent, because 10 genera- 
tions occurred in the control compared to 9 in the test culture. 

The following points are suggested for consideration in the design of 
experiments: 

1. The mean rate of growth for some extended period should be 
measured. Under standardized conditions, this is accomplished most 
easily by noting the time required for a given inoculum to produce a 
density of population that can be measured conveniently. The density 
chosen can be measured by the eye (^‘just visible turbidity*^, by the 
photometer, by plate counts, etc Photometric determinations are per- 
haps the most accurate, and also are convenient since the cultures can 
be grown directly m the photometer tubes In any case, the percen- 
tage inhibition in the rate of growth is 

100 r 1 — for control growth _ *1 

I hours for esqxirimental growth J 

2. The period of growth should involve 12 to 20 generations Such 
an extended period has two advantages: it minimizes the effect of the 
latent period v2 to 5 generations) during which the sulfonamide aetion 
is gradually developing; it also provides an adequate opportunity lor 
expression in the case of those agents that act after the latent period it 
completed. 

3. It must be established that control growth is exponential, i.e., the 
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rate is constant during the period of growth. The necessity for Hik 
precaution is illustrated by the data in fioubb 1, where the number of 
generations (or divisions) is plotted against the time in hours for three 
different cultures identified as C (control) , No. 2 (2 mg. per cent 8A), 
and No. 5 (5 mg. per cent SA) . Although hypothetical, the data are 
representative of what can be obtained experimentally. For material 
illustrative of this and other points discussed here see Kohn and Har- 



ris.* At sero time the cultures each contained 100 organisms per cc. 
The percentage inhibition of the rate of growth calculated at various 
times is shown in table 1 The table shows that the calculated inhi- 
bition will be too small if the period of growth is too short. The table 
also shows the fallacy of arbitrarily selecting a certain time at which to 
compare the amounts of growth. For example, when the comparisons 
are made at 35 hours after inoculation, the fallacious conclusion is 
drawn that 2 mg. per cent sulfonamide does not inhibit growth. 
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Tabub 1 

Rati or Gbowth and Pbbcintaob Inhibition Calculatbd fob the Data 
OF Figubb 1 


Culture 

Number of 
generations 

Growth 

period 

Rate of growUi 

Mean 

inhibition 

Control 

1 

koun 

1 

generaltons/kour 

1 

% 

No 2 

1 

1 

1 

0 

No 6 

1 

1 

1 

0 

Control 

6 

6 

1 



No 2 

6 

105 

057 

43 

No 6 

6 


038 

62 

Control 

14 

14 

1 



No 2 

14 

28 

Q50 

60 

No 5 

14 

9 

0 

100 

Control 

(16) 

36 

(043) 



No 2 

16 

36 

043 

(0) 


4 The Uegiet ul inhibition al whitli tlu conipaiiboiiK are to 
made, called the endpoint, can he selected with assurance only al'tcr a 
preliminary trial, particularly \vhen ])cpton( is present The data 
bhown in figure 2 illustrate this situation, Adhere tht rate of gio\\th as a 
percentage of the control (no sulfonamide) is pi^jited as a function of 
the sulfonamide concentration (log scale) The nght-hand pair of 
curves was made with sulfanilamide, the open ciielcs representing a 
synthetic medium, the sglid ciicles the same medium f 1 per cent pep- 
tone The two curves are almost paiallel, and consequently it makes 
some but not much difference where the endpoint is chosen Using an 
endpoint of 75 per cent inhibition, the antagonism of peptone (in this 
particular case) is 3-fold, at 50 per (ent 1 5-fold On the other hand, 
m the case of the left-hand pair of iuims madt vaiUi sulfathiazole, the 
selection of the endpoint is of paramount importance At 50 per cent 
the antagomsm is 1 8-fpld, while at 77 per cent it is about 30-fold ** 
This example shows that the selection of the endpoint may depend 
upon the sulfonamide drug under test, and also upon the antagonist 
Thus far only peptone is known to possess this peculiarity, and a 50 
per cent endpoint is satisfactory in its absence 

5 The effect of the test substance upon the rate of growth must be 
determined in the absence of sulfonamide If the rate is unaff< eted, as 
IS the case with PAB but very few others, a simple endpoint such as “no 

• Tb« fold'MitagoniMn with peptoM la iMu«liy iMger tlum thu when peptone fa AddM to e eyn 
tbetie medium In the ebove eainmple, the beenl nMdium oontemed mibeUnoes that did not permit 
the mneunel eetivity of the peptone to be eshibited 
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Fioum S Rato of tnmth (m p«ranton of the control) plotted m a function of the aulfonamide 
ccmeioiratipn (log scale) The right-hand pair of curves was made with sulfanilamide, the left with 
sulfathiaaole. In each pau* the open andes were obtained m the biwal medium (salt, ^ucose, 
■ to t h ion ine , serme, glycine, and xanthine), the solul «reles m basal medium X 1 per cent peptone 
For comment sse points 4 and 6 m the tost 


visible turbidity in two days followed by turbidity on the third” will 
suffice.*' • If, however, the substance under test changes the control 
rate of growth, the experiment becomes more complicated. For ex- 
ample, let the endpoint be 50 per cent. In the absence of test sub- 
stance, supposing the controls to grow out in 10 hours, the SA concen- 
tration (SA-c) producing 20-hour growth is determined. In the pr«t- 
ence of test substance, the controls grow out in 5 hours, hence the con- 
centration of SA (Sa-t) producing 10-hour growth is determined. The 
fold -change will be: (Sa-t) /(SA-c). Examples can. be found in sev- 
eral articles.^' Such considerations are of the utmost importance 
in dealing with peptone, for example, which under the standardised 
conditions employed by Harris and myself can reduce the time for 22 
generations of Escherichia coli from about 18.5 to 8 hours. 

6. Th^ optimal concentration range for the test substance shookl 

TS:Stt. 1«41 
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be det^rmiiied, and the fold-change calculated with respect to it. Re- 
sults might be briefly summarized as follows: 

(adenine: 10*^) 0.25-F (sulfanilamide: 10“*). 

This signifies that 10**m adenine potentiates sulfanilamide 0.25-fold, i.e., 
that equal degrees of inhibition are produced by 10“*m sulfanilamide 
or by 10"*M adenine 4- 0.25 X 10‘*m sulfanilamide 

7. The temperature should be 37--38°, though the use of others is 
also desirable, since activity may depend upon temperature.’®*** 

8. The pH of the medium should be 7-8, and accurately known.’®* ’• 
The medium should be synthetic if possible, and its composition given 
in detail. 

9. When possible, a readily accessible test organism should be em- 
ployed, as from the American Type Culture Collection. 

10. When both metabolic (e.g., oxygen consumption) and growth- 
rate experiments are done on the same organism, either the concentra- 
tion of the drug or of the test substance should be held constant 
throughout, while the other is varied. 

11. In conclusion, it may be pointed out that the interpretation of 
such experiments is complicated by the fact that the organisms may 
change during the course of the experiment For ^ xample, they may 
develop some resistance to the SA present, or change metabolically in 
other ways. Such changes no doubt are implied wiien, during the 
course of an experiment, the growth of organisms is slowed j then 
stopped, but, after some time, begins once more. 

If the action of an agent as a function ot tune is to be studied, other 
methods than the above must lx* employed. The usual rnethods in- 
volve either periodic sampling for viable counts, or following the in- 
crease in turbidity with the photometer. Th c former method is laborious. 
The latter is likely to be limited to a restricted period of growth. What 
seems to be a better method than either is the K«d tc'chnic’** illus- 
trated by the data in figure 3. A turbidity is selected that is readily 
measured in the photoelectric colorimeter and at which growth is still 
exponential. At zero time, the photomeber tubes are inoculated with 
serial dilutions such that the first will reach the endpoint of turbidity 
in 1 generation, the second in 2, the third in 3, etc. The time for each 
culture to reach the turbidity endpoint is plotted as in piourb 3 
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FiautK 8 Number of geneiattoiu (dtvtstoiu)') as a functioo of tune The data were detennmed 
by the K«i teehnic (see text). The four cultures compared aie basal medium SO plus adenine 
80 + A, + sulfanilamide SO + 8A, and plus adenine and sulfanilamide, SO + A + SA. Note 
the constant rate of growth of the controls, the latent period befoie inhibition occurs, and the 
subsequent adenine d>namism (frrmi Kohn and Hams, ref 1) 


It is of interest that the general approach outlined above for the 
measurement of antagonism and dynamism can be applied to the meas- 
urement of resistance to drug action, or fastness.'" In this case, the re- 
sistance of the organism is measured in terms of the SA concentration 
required to produce a 60 per cent inhibition in the rate of growth before 
and after the training period, and the fold-change calculated. 

SURVEY OF THE LITERATURE 

This section deals with a summary of the established facts concern- 
ing antagonists and dynamists without reference to theory or interpre- 
tation When abstracting papers, the original data were evaluated 
from the point of view presented in the preceding section, and on occa- 
sion the author's conclusions have not been accepted. Although this 
review, deals primarily witli substances other than PAB, it has been 
found necessary to include some mention of this compound. 


»Kirrif.l. a.. aSo]m,X. 1. Jour. lasMunoI. 4f : IM. 1t4S. In prcM 
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The substances under review fall into two categories: biological ex- 
tracts of more or less unknown composition, and pure chemical com- 
pounds. The extracts will be discussed according to source, the com- 
pounds according to chemical structure. The synergists are listed 
briefly in a separate section, as also are certain animal experiments. 

Biological Extracts 

Bacteria. — The work of Green*® and of Stamp*'* culminated in the 
discovery by Woods*^ of PAB, which antagonizes all sulfonamides in all 
species and media. Subsequently, Green*** conceded that llie antagon- 
istic action of his ‘T’* factor was due tt) contamination with PAB. 
Rubbo and Gillespie** showed PAB, but not ^he ortho or meta com- 
pounds,** to be a growtii factor for CL acetobutylicum. This has 
been extended to species of LactobacdUis and Acetobacter. P-amino- 
phenyl acetic acid is a groN\th factor but not an antagonist**'**; p- 
aininobenzainide is a weak inhibitor like Hulfonamide.** MacLeod*® 
found some species (Staphylococcus aureus and Pneumococcus, but not 
N call and Group Tl Streptococcus) to relcast* antagonists into the medium, 
resistant pneunu)ct»cci producing much mor** than the parent strain. 
This antagonist was largcdy if not entirely PAB, according to recent 
microbiological assays,-** which also showed that the development of re- 
sistance in certain other species (eg, E, coU) is not accompanied by 
enhanced production of PAH. Mirick-" found a soil bacillus producing 
an antagonist, which, though unidentified, iv not PAB 
Yeast. —Woods” isolated his nu»st potent material Iroin yeast The 
actual isolation of p-aniinobenzoic acid was achieved by Rubbo and 
Gillespie,** and esjiecially by Blanchard,-® wdio indicated a concentra- 
tion of as much as 0 5 mg per cent. Yeast extracts contain other an- 
tagonists that, fo' example, do not have flee amino groups.*” 
Peptone— This was discovered to In* an antagonist by Lockwood^® 
and by Fuller and cow'orkers * Weld and Mitchell,*' using rabliit in- 
stead of human ^erum (neopeptone broth, hemolytic Streptococcus), 
showed that the action varied with tlie temperature: 37 5^ C., antag- 
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onism; 39^ C., potentiatioiL The growth-promoting action of p^tone 
does not account for its antagonism in Str^ptococcMf'* or in E, coli* 
Its content of PAB is too small to account for its antagonistic action.^* ** 
Using a strain of E. coli ihst grows well on inorganic salts and glucose, 
detailed quantitative analysis showed peptone to contain a number of 
antagonists and at least one dynamist.^* The antagonists may be 
divided into two groups: 

1. Equally antagonistic to all drugs. Using 1 per cent peptone, the 
antagonism is 8- to 15-fold measured at the 50 per cent endpoint. 
Methionine, serine, glycine, allothreonine (but no other known natur- 
ally occurring amino acid), xanthine and guanine are the compounds 
that probably constitute this group. Traces of PAB present in pep- 
tone count in this group. Excluding methionine, the members of this 
group were called P-1. 

2. Antagonistic to SP, ST and SD much more than SA; antagonism 
evident only when the rate of growth is inhibited by more than 65 per 
cent Measured at the 75 per cent endpoint, the antagonism is about 
3-fold against SA, and 30-foId against SP, ST, and SD. The best 
source of P-2 is pancreas It is not a known naturally occurring amino 
acid, a heat labile protein, nor insulin. Its action is additive with that 
of group 1. A fairly potent preparation can be obtained by extract- 
ing defatted pancreas with hot 95 per cent alcohol, evaporating the ex- 
tract to dryness, and dissolving the residue in water (Harris and Kohn, 
unpublished data) 

White and coworkers** determined the relative activity of several 
sulfonamide drugs for three strains of E coli in the presence and ab- 
sence of several amino acid hydrolysates and peptone. The endpoints 
chosen ivere different and not precisely specified for the different media, 
but, in any one medium, were the same for all tlie drugs tested. The 
interpretation of their data is complicated by the fact that one cannot 
tell whether tlieir endpoints fell on or off the plateau (see fiqube 2 and 
page 507, comment 4). They found that the relative potencies of ST, 
SD, and SP were constant and roughly equal in the basal medium, or 
when peptone, protein hydrolysate, methionine or PAB were added. 
The relative potency of SA compared to the heterocyclic derivatives, 
however, was low in the basal medium, but tended to approximate 
equality in the presence of tryptose peptone or PAB. They suggested 
that “the anti-drug effect of either PAB or some factor in peptone is 

J.S. loiir.lmiwol.4t:4S5. IMl. 

Urol.4f:MS. tMt. 
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exerted to a much less extent on this drug (SA) than on its heterocyclic 
derivatives.” This is an independent formulation of the antagonists 
labeled as group P-2, above. The technical explanation for their re- 
sults can be seen by inspecting figure 2 and comparing the right-hand 
members of each pair of curves. As Kohn and Harris (table 1 in 
ref. 8) have pointed out, in peptone media the presence ol the plateau 
tends to equalise the potency of SA and its heterocyclic derivatives 
when the endpoint is around 76 per cent, but does not when the end- 
point is, say, 30 per cent. They found no plateau upon adding PAB, 
however, which may indicate a difference betw’een the strains of E, coli 
used in the two laboratories. 

Urine, Pus, and Tissues. — ^Water-soluble antagonists can be ob- 
tained from all of these. MacLeod” found the activity of extracts to 
be increased by mild acid hydrolysis. When the medium was made up 
to contain methionine, serine, glycine and xanthine, however, of rabbit 
tissues, only the pancreas showed appreciable antagonism with E colt * 
A factor in mouse urine and another in erythrocytes have been partially 
purified by Fuller and coworkers *' 

Proteins — The plasma proteins adsorb the sulfonamides according 
to Schonholzer” and Davis and Wood.*'’ For detailed studies on the 
relation between structure and adsorption, set Shannon*** and Fisher 
and coworkers,*® who found the following percentages of sulfonamide 
bound by dog albumin (4 per cent) solutions: SO, 6 per cent; PAB, 
7 per cent; SA, 10 per cent; SD, 17 per cent; SP, 30 iier cent; ST, 60 
per cent. 


Chemical Compounds 
Amino Adds 

Methionine. — ^The antagonistic action of methionine was discov- 
ered independently in two laboratories.’® ***^® Using E coli grown 
in a salt glucose medium, both groups showed that maximal activity 
occurs in the range fram 10”® to 3 X 10’*M, and that neitlier choline, 
cystine, homocystine nor any other amino acid is active Bliss and 
Long found high methionine concentrations to be inhibitory. Harris 
and Kohn reported that the antagonism is 3- to 6-fold against SA, SP, 
ST, and SD; that the natural isomer is ten times more active than the 
unnatural; that neither is oxidized, deaminated, nor decarboxvlated; 
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that methionine, hut not PAB, antagonises the inhibitions caused by 
ethionine and norleucine, with which it apparently competes; and that 
methionine added to peptone medium is without effect. 

Methionine became an essential growth factor for E, colt when the 
strain was subcultured in the presence of both methionine and SA.^ 

Strauss and coworkers^’ confirmed the methionine effect in E, colt 
They also reported that resistant strains of Staphylococcus aureus could 
use methionine as a weak antagonist, although the parent strains could 
not The authors did not comment upon the fact that the casein hy- 
drolysate present in the medium should have furnished the equivalent 
of 2 X 10’*M methionine, whereas they obtained their effects by the 
addition of 1.7 X 10'*m. Snell and Mitchell** reported that methio- 
nine is not an antagonist for lactobacilli, but likewise added methionine 
to a medium already containing much of it 

Wyss and coworkers** synthesized a number of PAB derivatives with 
inhibitory activity, of which the most active was 2-Cl-PAB. It was 
found that 2-Cl-PAB was more sensitive to antagonism by methio- 
nine than are the sulfonamides, and that it was quite inactive in com- 
plex media 

Glycine, dl-sbbine and dl-allothrbonink — Tliese substances en- 
hance the antagonistic action of methionine by 1.6-fold against SA and 
ST in E, coli grown m salt-glucose medium ’ *^ They are without ef- 
fect in the absence of methionine or in the presence of peptone In 
combination with methionine, each at 4 X 10**m, they are as active as 
a mixture of all known, naturally occurring amino acids 

Glutamic acid — ^At 10''’m, this acid was reported** to antagonize SA 
in a strain of E. coli grown on salt-glucose-asparagine medium. When 
due allowance for growth stimulation is made, the effect probably will 
be small 

Punnet 

The action of the purines varies with the species and the experimental 
conditions, so that even in the same organism a given purine can be 
both antagonist and dynamist. The optimal concentration range of 
the four active compounds, xanthine, guanine, hypoxanthine and ade- 
nine, is 10-* to 10-*M. 

It is of some interest that purine-PAB relationships can be demon- 
strated in the absence of SA. Harris and Kohn*^ showed that when a 

Imauiuil 4t: SSI. 1941. 

1: ts 1949. 

8oc Biot M«a SI: 159. 194S 
49 1949. 

91:999. 1941. 



:. I., a aMrii, 1. S. Jovr. Boel. 49: 717. 
I, T.B.,aBd9u,S.l. ioor Biol CUm 1 



KOHN: ANTAQOmSTS AND DYNAMJ8TS OF BVLFONAMIDES 616 

Strain of B. coU became resistant to Bulfanilamide, it became sensitive 
to hypoxanthine so that 10 '*m inhibited its rate of growth by 60 per 
cent. This inhibition was completely antagonised by 10 ’^m PAB or 
by methionine. More recently Landy and Streightoff^* have 

shown in the case of Acetobacter suboxydanSf which requires PAB as 
a growth factor, that the addition of purine increases gruwtli at low 
concentrations of PAB, but not at high. 

The complex relations between sulfonamide and purine were first 
shown in E. colif using a simple medium. It was found'* that dy- 
namism occurs in salt-glucose medium: 0.6-fold for xanthine and gua- 
nine, 0.26-fold for adenine and hypoxanthine. But in salt-glucose- 
methionine medium, xanthine and guanine show 1 8- fold antagonism 
against SA, SP, ST, and SD; adenine and hypoxanthine show 0.33-fold 
dynamism. The addition of peptone to the medium cancels these ef- 
fects. In Pseudomonas fluotescens, adenine and xanthine antagonise 
SA; in Mycobacterium sp., they dynamise when methionine is present. 

Using lactobacilli grown on hydrolysed casein plus supplements at 
30® C.,** the four purines were found to be antagonistic. Suboptiiiial 
amounts of PAB or of an unknown factor had to be present in order to 
show the antagonism in L. arabinosus and pentosus, 

Martin and Fisher*® reported that adenine suKute (0 8 mg per gram) 
antagonized the chemotherapeutic action of SA (2 mg. per gram) or of 
SD, ST, and SP (4 mg. per gram) in the mouse infected with hemolytic 
streptococci. Guanine was without effect, though in vitro both gua- 
nine and adenine are growth factors. Adenine sulfate at 1 mg. per 
gram was not lethal to untreated or infected mice, but it should not be 
concluded that this result establishes adenine as a nontoxic substance 
in these experiments. 

Slight antagonistic action against sulfaguanidine, but not against 
other sulfa drugs, was reported by Strauss and coworkers*’ for 10 mg. 
per cent sodium nucleate, or a mixture of 1 mg. per cent uracil and 
adenylic acid and ti.25 per cent pyruvic acid. Staphylococcus aureus 
was employed, grown in a casein hydrolysate medium 


Nicotiiiic Add and CoeiUEymet 

Antagonism by cozymase in Staphylococcus aureus was first re- 
ported by West and Coburn,®® who grew their own strain in Knight’s 
medium (gelatine hydrolysate plus supplements) without thiamin 
They found nicotinic acid to be inactive at the single concentration 
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tasted, which was not optimal for growth. Gotymase was obtained as 
a crude extract of erythrocytes or from yeast (purity 25 per cent ?), 
and lost its activity following 30 minutes at 120^ C., pH 10. The an- 
tagonisms reported appear greater than could be accounted for by stim- 
ulation of growth, but no data on the action of cosymase alone were 
presented. They suggested that sulfapyridine inhibits the synthesis of 
cosymase. 

Spink and coworkers*^ using Gladstone’s synthetic medium, con- 
cluded that cosymase does antagonise SA and SP, but not ST or SD.; 
but the experiments seem inconclusive. Strauss and coworkers,** using 
a casein hydrolysate medium which contained 1 ;tgm./ml. of nicotin- 
amide, found that addition of cosymase (0.1 to 15 ^gm./ml.) or of 
nicotinamide (up to 200 /tigm. /ml.) to be without effect. 

Wood and Austrian,** using Gladstone’s synthetic medium, found 
10-*M nicotinamide and 10"*m cosymase to be equivalent in growth 
promotion and antagonism. The effect is nonspecific since cosymase 
antagonised thionine equally well. The antagonism seemed clear cut, 
but cannot be accurately assessed because simultaneous controls for 
growth stimulation (control plus antagonist but without sulfonamide) 
were not reported. 

In the case of Lactobacillus arabinosus’^^ grown on hydrolysed casein, 
which requires nicotinamide as a growth factor, 0.2 mg. per cent SP 
w'as antagonized by 0.1 mg per cent nicotinamide, by 0.5 mg. per cent 
cosymase, or by 0.6 mg. per cent nicotinamide nucleoside. In these 
determinations, no allowance was made for stimulation in the absence 
of SP. 

In the case of the dysentery bacillus, there is evidence from both 
respiration and growth experiments that nicotinamide, which is a spe- 
cific growth factor, antagonizes ST and SP.**- When tested in a syn- 
thetic medium, raising the nicotinamide from 0.0006 mg. per cent to 
0.0024 mg. per cent antagonised 0.2 mg. per cent ST; but raising it to 
0.01 mg. per cent did not antagonise 1 mg. per cent ST. In respiration 
experiments with cells suspended in phosphate buffer plus glucose con- 
taining 0.1 to 0.3 mg. per cent nicotinamide, 85 per cent inhibition was 
obtained with 10-30 mg. per cent SP or ST. The acetylated form of 
SP was also active, thus indicating a difference in mechanism from 
that generally operating in the inhibition of growth. It is possible 
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that lower sulfonaimde concentratiooB would be effective if the nicotin- 
amide concentration were decreased. A complication in these experi- 
mcnta is the fact that inhibition of respiration witli 10-30 mg. per cent 
Bulfonamide is possible only when nicotinamide-starved cells are incu- 
bated with sulfonamide for one hour before respiration is initiated by 
the addition of glucose and nicotinamide. It is therefore quite possible 
under the usual conditions of adequate nutrition that the sulfonamides 
inhibit growth but not respiration. In any event, the effect of the 
sulfonamides upon the respiration of the dysentery organism seems to 
be a special case, at least for the present. It must be pointed out, how- 
ever, that analagous nicotinamide-starvation experiments have not 
been done on other species 


Urea and Atparacine 

Tsuchiya and coworkers’’"-'*® reported that urea (1 7 per cent) dyna- 
mises the action of SA, ST and SD m E, coh grown in salt-glucose 
medium containing methionine oi FAB. It also dynamizes the action of 
ST on resistant strains of Staphyllococcus aureus The fold-change 
cannot be calculated from their data. The authors feel that the mode of 
action is not settled and '‘would like to stress tha^ we do not know that 
urea acts against inhibitors Fox**® found that such high concentra- 
tions of urea inhibited the growth of his strain of E. calif but had no 
dynamistic action. Schmelkes and Wy88®‘ using another strain of E 
coli determined the dynamism as 0.3- fold for 1 per cent urea, and 0 2- 
fold for 2 per cent asparagine. 


Synergists 

Pyridium®* was ..ctive in infusion broth against E. coh; azochlora- 
mid®*' ®^ against the Streptococcus, Pneumococcus, and E. coh in simple 
and complex media, and in the presence of PAB or resistant organisms 
The conclusion that it acts specifically against sulfonamide antagonists 
is unwarranted. Ethionine and norleucine act against E. coh in salt- 
glucose medium, but not in the presence of methionine or peptone '® 
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Animal Eaq;>eriments 

In concluding this section, it is of interest to recall that the sulfon- 
amides, at approximately clinical levels, can inhibit the growth of the 
rat. The principal factors responsible seem to be: inhibition of the 
synthesis of vitamins by the intestinal flora®*; specific histotoxic 
effects®^'®*; and a specific inhibition of appetite.*® Of particular in- 
terest in the present discussion is the discovery that all of these actions 
can be antagonised by the addition of various supplements to the basal 
purified rations employed in the experiments. Such antagonists in- 
clude meat, meat products, liver extract, PAB, folic acid, biotin, pep- 
tone, yeast extract, and feces.®** 


mode of action 


Since a sulfonamide, like other drugs, may be expected to act at 
an increasing number of qualitatively different loci as its concentration 
is raised, the mechanisms under consideration will be limited to those 
affected at or below safe clinical levels, the upper limit of which will be 
taken as 12 mg. per cent or 5 X 10-®m. This qualification, of course, 
does not exclude experiments in which the upper limit has been crossed 
on purpose, as in demonstrating the activity of an antagonist. 

A survey of the data presented in the preceding section shows that 
only a beginning has been made in the investigation of antagonists and 
dynamists, and consequently we may expect little in the way of specific 
theory to account for their actions. Furthermore, crucial experiments 
whose biochemical interpretation is unambiguous, such as can be done 
with isotopes, have not yet been performed. The discussion which 
follows, therefore, is of necessity couched in rather general terms. 

Agents affecting the action of the sulfonamides may do so in a num- 
ber of ways. They may influence the penetration of the drug into the 
bacterium, or the interaction of the drug at the sensitive locus. The 
effects of pH and of variations in structure of the sulfonanudes them- 
selves no doubt can be traced to such mechanisms as these; and they 
are discussed by Roblin and BelP* elsewhere in this article. When 
dealing with the usual antagonists and dynamists, however, it is diffi- 
cult to decide whether they operate in this fashion, or otherwise as dis- 
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cussed below. Because it seems more profitable to do so, we shall dis^* 
regard these factors and assume that metabolic mechanisms are at 
work. The two exceptions to this include urea and asparagine, con- 
cerning which practically nothing is known The high concentrations 
necessary to produce dynamism together \^tii the well known peptiiing 
action of urea, however, suggest that specific metabolic interactions 
cannot be at work Lastly, the antagonism due to proteins that enter 
into loose combinations with the sulfonamides in the culture medium or 
body fluid, though of imi>ortance, will require no further comment here 

Any theory to account for the mode of action of an antagonist or 
dynamist must be consistent with certain cardinal facts relating to the 
action of the sulfonamides in general At present, the following may 
be mentioned: 

1. The drugs act after a latent period during whicli growth must 

occur *• "® 

2. The drugs themselves seem to be the active agents.’*’ ^ 

3 There is no appreciable change in the drug concentration of the 
medium during the course of experiments involving the usual numbers 
of bacteria,*' ^* 

4. Growth is affected primarily; respiration may be affected sec- 
ondarily®' but also see MacLeod,®^ whosf data suggest compli- 

cations 

5. P-aminobenzoic acid is a specific and complete antagonist Ap- 
parently it is an essential metabolite which most bacteria can synthesize, 
but which some cannot *® It is assumed to be essential for the growtli 
of susceptible cells, and that the enzyme reaction in which it is involved 
18 subject to competitive inhibition by the sulfonamides. 

In order to account for the antagonism of methionine in K colt, 
Harris and Kohn^® suggested an extension of the PAB system as illus- 
trated in FIGURE 4. The reaction or reactions in which PAB is in- 
volved are called the primary reactions, and they constitute the locits 
at which the sulfonamides react. The primary reaction gives rise to 
the primary products that are pictured as entering into secondary re- 
actions These in turn give rise to the secondary products to whose 
concentration, or rate of production, growth may be proportional. In 
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1 PRIMARY AND SECONDARY ANTAGONISTS 1 

PRIMARY REACTION 

SECONDARY 

REACTIONS 


PAB + 


Methionine 4 C 

GROWTH 




Xonthine + D — ► 

PROPORTIONAL 


AiAg,, A„ 

J 

Glycine + E ► 

TO PRODUCTS 




Serine -f F - » 

OF THESE 




pp? — ► 

REACTIONS 


X + G ► 

j 



FtGvn 4 8oh«n>e suggattad to ahow the rdationshipa between PAB and the reactions dependant 
upon It. 


addition, one must picture independent reactions (such as X 4* G in 
FiouRE 4) which also are essential for growth, but which are indepen- 
dent of the primary, and therefore of PAB. Lastly one may conceive 
of pre-primary reactions, not indicated in the figure, in which PAB and 
its fellow reactants are produced. 

The diagram states that an inhibition of the primary reaction in turn 
inhibits growth because the products of the secondary reactions are no 
longer produced in adequate amounts Furthermore, complete restora- 
tion should be possible by the addition of enough PAB. The diagram 
also predicts that complete restoration should be possible without the 
addition of PAB by supplying the lacking primary products and there- 
by re-establishing the secondary reactions, or by supplying the sec- 
ondary products themselves. The basic plan presented in figure 4 is 
a simple one, and from it others of much greater complexity can be 
deriv^. 

To picture the mode of action of methionine, let us assume that it is 
a primary product When SA inhibits the primary reaction, the syn- 
thesis of the primary products will be inhibited, though each not to the 
same extent. Suppose that at low cencentrations of SA only the pro- 
duction of methionine is inhibited. Under these circumstances, the 
addition of enough methionine to the medium will completely antag- 
onise SA. Higher concentrations of SA will also inhibit the produc- 
tion of other primary products. We may suppose that when the produc- 
tion of methionine is inhibited 100 per cent, that of xanthine is de- 
creased by 50 per cent. Methionine then is no longer a complete an- 
tagonist, and xanthine will not act in the absence of methionine. This, 
in fact, is what is found experimentally. 
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Methionine is called a secondary antagonist because it takes part in 
a secondary reaction. Glycine, serine, allothreonine, xanthine and 
guanine have also been called secondary antagonists, though it is pos- 
sible that some are actually tertiary ones. 

The position of methionine in the scheme is supported by several 
additional pieces of evidence The structurally related ethioninc in- 
hibits growth and is readily antagonized by metliionine, but not by 
PAB. This suggests that the locus of methionine action follows that 
of PAB, and is not concerned with the synthesis of the latter. It was 
also found^* that when strains are subcultured in the presence of both 
sulfanilamide and methionine, methionine becomes an essential growtli 
factor. 

The scheme proposed to explain the results with E. colt is consistent 
with the cardinal facts enumerated above. The latent period of action 
is attributed to the fact that the cells have stores of essential materials, 
and until these have been consumed in growth, no inhibition will occur 
It permits the drugs per ae to be the active agents, and it does not re- 
quire that appreciable amounts of them shall be consumed. It directs 
its attention primarily to the anabolic phases of metabolism, and there- 
fore requires no immediate effect upon respiration Finally, it assigns 
the key role to PAB 

The scheme does not explain why all four jiunnc's are dynainists in 
the absence of methionine, whereas xanthine and guanine are antag- 
onists in its presence Evidently structural specificity is of importance 
here, substitution at the 2-po8ition being associated with potential an- 
tagonism, but at the 6-position with dynamism Those relationships 
arc true of E. coli, but not necessarily of other organisins 

The scheme also fails to account for the differences between vhe 
heterocyclic derivatives and sulfanilamide in the presence of peptone 
The plateaus obtained with the heterocyclic derivatives, as illustrated 
in FIGURE 2, have been interpreted to mean that the latter can affect 
reactions that sulfanilamide can not. These reactions become limiting 
for growth, and hence make themselves known, only when the rate of 
growth has been inhibited by 76 per cent or more The scheme could 
be amplified to include these data, but its complexity would be consid- 
erably increased. 

The scheme accounts for two other experiments in which no sulfon- 
amide was involved; in the first case somewhat vaguely, in the second 
rather specifically. It will be recalled that hypoxanthine and adenine 
dynamize sulfanilamide, but have no effect upon growth in its absence. 
T^en the strain of E, colt was made resistant (growth occurred in 130 
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mg. per cent sulfanilamide) , both these purines became inhibitory per 
ae, and their actions were antagonised by either PAB or methionine. 
These experiments together with those discussed above definitely estab- 
lished metabolic relationships between PAB, methionine and several 
other amino acids, and the purines in E. colt. The second case was re- 
cently reported by Landy and Streightoff,^“ employing Acetobacter 
auboxydana which requires PAB as a growth factor. Fiqxjbb 4 pre- 
dicts in such a case that at suboptimal concentrations of PAB the ad- 
dition of purine will increase growth, though it will not bring it to the 
maximum obtainable with optimal PAB. Furthermore, when PAB is 
optimal, the addition of purine will have no effect This, in fact, is 
what Landy and Streightoff found. 

The scheme developed in figure 4 may be expected to apply to all 
species of bacteria in a general way, though the details will certainly 
vary. The data were obtained by working with a strain of E. coU 
which grows well in a medium of inorganic salts and glucose. Many 
likely substances were tested for activity by adding them individually 
to the medium. Only one was found to be active, methionine, and it 
was then added to the hasai medium and all the likely substances 
tested again, with the result that several more showed activity. It 
would be of interest to perform the same type of experiment with other 
species which can be grown in simple, well-defined media 

The role of peptones as antagonists has been a prominent once. Since 
they can be dealt with from the point of view of figure 4, and since the 
pertinent facts concerning them are listed on page 511, they require 
little special discussion at this point. It will be recalled that peptone 
contains a number of antagonists and one dynamist, that of the former 
PAB 18 of little importance, and that one (?) unknown agent has a 
special action upon the heterocyclic derivatives 

In experiments comparing m rfro wnth m vitro determinations of 
relative drug potency, peptones are of some special interest. Marshall 
and coworkers*® determined the relative potency of sulfanilamide, sulf- 
apyridino, and diaminosulfone against a beta-hemolytic streptococcus, 
using their median survival blood concentration technic. In the mouse, 
the activities were respectively 1, 1 09 (1.4), and 2 9; in the test tube 
with j^ieptone broth, 1,29, and 9 3. The figure in parentheses uses the 
data of Fisher and coworkers'** to correct the reported ratio for the drug 
bound to plasma protein. In a later paper on a virulent strain of E. 
coU, the same group** showed the ratios to be: SA, 1; SP, 6.3 (8iS) ; 
ST, 10.3^ (24); SD, 11.2 (12.2). In vitro determinations in certain 
'« aunihsa, a ' k , Jr , LMOMd, j. T . a whxu, m j. lour. nwriMcoi. w •§ it4s. 
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media showed ST and SD were about 100 times as active as SA, but in 
the presence of tryptose peptone or of PAB (2 mg. per cent) they were 
only 8 to 16 times as active. The authors concluded that there “ap- 
pears to be at least qualitative agreement between in vivo and in vitro 
activity of these drugs. “ To the reviewer, the agreement in the case of 
E. coU seems striking, and it is suggested that the second group of pep- 
tone antagonists, defined by the plateau in figure 2, function in vivo. 
The discovery of a specific agent against these would do much to in- 
crease the potency of the heterocyclic sulfonamides in clinical practice 

The role of nicotinic acid as an antagonist must be considered from 
two points of view, each of which is different from that discussed above. 
In the first place, the data of Dorfman and associates'^' establish that 
under rather special conditions SP and ST can prevent nicotinic acid 
from acting in the respiratory system of the dysentery bacillus. The 
presumption is that the heterocyclic rings compete for the same meta- 
bolic locus. Granting this, the question arises as to whether such a 
mechanism is of any importance under the ut^ual conditions of therapy. 
To the reviewer, the answer would seem to be no, ext‘ept in those cases 
where very high sulfonamide concentrations are attained, though it must 
be admitted that the data available do not permit an absolute deci- 
sion. 

In the second place, growth experiments w’lth the Stdphijloroccus, 
Lactobacillus and dysentor}’^ bacillus, for all of which nicotinic acid (or 
amide) is a growth factor, have shown that, within a limited range of 
sulfonamide concentration, increasing tiie nicotinic acid concentration 
has some antagonistic action Althougii there is some disagreement in 
the results reported, and although suitable controls ha\t* not always 
been made, (sec page 516 for citations and data), it would ap{x>ar that 
the effect is a real one The data do not allows the conclusion that only 
the heterocyclic ring of the substituted sulfonamide can compete witli 
the pyridine ring, and Wood and Austrian'’' have shown that cozymase 
can antagonize the quite unrelated thionine as well as any of the sulfon- 
amides. Attention can he focused on the fundamental question by for- 
getting the coincidence of pyridine rings in sulfapyridine and nicotinic 
acid. In the case of an organism requiring any 8pe<‘ific grow'th factor, 
will the concentration of this factor influence the sulfonamide concen- 
tration required to inhibit growth (by, e.g, 50 per cent)? Because 
the metabolic relationships within the cell must be far reaching and 
complex, it is very easy to believe that this would be so, at least in 
many if not all cases. Furthermore, it is essential to establish in every 
case whether the growth factor is present in suboptimal quantities, so 
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that growth is still proportional to its concentration, or whether an 
excess is present. There are many species and metabolic types of bac* 
teria, and there are many growth factors. One suspects that many in- 
teresting relationships might be found. 

In conclusion, I would like to express my regret that this review could 
not be written with my colleague Major J. S Harris, M.C , who is now 
on active duty 



THE ACTION OF SULFONAMIDES IN THE BODY 

By J. S. Lockwood 

From the Harriaon Department oj Surgical Reaearch 
School of Medteine, Univeraity of Pennaylvanta, 

PhUadelphaa, Pa, 

The study of the mechanism of the action of the sulfonamides has 
been a conspicuously fruitful field for scientific investigation during 
recent years. Undoubtedly, the most significant milestone of progress 
in this field was the discovery by D. D. Woods of the competitive rela- 
tionship between sulfanilamide and p-aminobenzoic acid.' This was, 
in fact, the first step in the identification of the latter compound as a 
substance of general biological importance. At the same time, a strong 
impetus has been given to the study of competition, in biological re- 
actions, between essential metabolites, or growth factors, and com- 
pounds of similar chemical configuration but without corresponding 
biological activity. It is possible that a clearer understanding of these 
reactions, coupled with further clarification of the metabolism of cell 
growth, may lead to progress in a field far removed from that of infec- 
tion. Of course the immediate result of this work of greatest conse- 
quence has been to place sulfonamide therapy of bacterial infections 
upon a rational, rather than an empirical basis, and the preceding 
papers in this conference have amply demonstrated the rapidity and 
effectiveness with which the technics «f chemistry and the physical 
sciences have been utilized to aid the clinician. In fact, these collab- 
orators have carried the study of the mode of action of sulfonamides 
so deeply into the remote fastnesses of their special fields as to make 
difficult the task of the clinician in comprehending the results intelli- 
gently, and applying all of the implications of their work. It is, there- 
fore, with a sense of inadequateness, but mixed with some pride, that 
I imdertake, as a clinician, to discuss the topic ^The Action of Sulfon- 
amides in the Body.” The clinician feels inadequate because of the 
comparative paucity of exact knowledge in the biological application of 
chemistry, and yet takes pride in the realization that clinicians first 
conceived the nature of sulfonamide action in general terms, and 
pointed out the avenues along which fruitful investigation has been 

> WooSt. D. n. BHt. Jour. Esp. PoUi. tX: 74. ItiO. 
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pursued. For it was Leonard Ckilebrook’ who first demonstrated the 
probable induction by sulfonamide therapy of bacteriostatic conditions 
in the body, and it was another group of clinicians* who first, began to 
relate the effectiveness of the drug to the nutritional environment of 
the bacteria in vivo. 

The task assigned to me in this conference involves an attempt to 
cross the chasm that always separates the test tube from the tissues and 
to show, as far as one may, ^at the phenomena presented from the 
laboratory arc important, not simply as exercises in abstract science, 
but as a rational basis for chemotherapy against bacterial infection. 
My method of approach will be to point out a few bridges, some of 
them still incomplete and hazardous to the heavy-footed traveler, by 
which access to the terrain on the other side of the chasm may be 
gained. The first bridge is that of “clinical experience”; the body of 
deductions, many of them vague, that any inquiring physician might 
assemble after applying sulfonamide treatment to a variety of infec- 
tious diseases The second bridge, which does not yet completely cross 
the chasm, is composed of data derived from a study of the reactions 
of sulfonamides on bacteria that are giowmg in natural fluids with- 
drawn from the body, such as blood, serum, and inflammatory exu- 
dates, media having compositions that are frequently difficult to char- 
acterise but which nevertheless provide conditions closer to the living 
tissues than can be reached in laboratory media of known composition. 
The third bridge is provided by microscopic study of tissues and fluids 
withdrawn from the scene of an encounter between bacteria and host, 
in which sulfonamide is employed as one of the host’s weapons. The 
final bridge, and perhaps the strongest one of all, affords the oppor- 
tunity of determining directly in the body whether factors that greatly 
modify the bacteriostatic action of sulfonamide in vitro will similarly 
modify its action in vivo In time, other bridges will be erected, and 
those already in sight will be strengthened, but ready passage will not 
be provided until much more is known of the metabolism of bacteria 
as parasites within an animal host, and of the chemistry of inflamma- 
tion itself. 


CONTRIBUTION OF THERAPEUTIC EXPERIENCE 


Careful study of patients led to the conclusion that the clinical and 
pathological character of the lesion is a factor of dominant importance 
m determining its response to sulfonamide therapy,* The characteris- 
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ties of oompietely Buseeptible lesions are best illustrated in pneumo- 
oooeio pneumonia as follows: 

1. Aeute onset. 

2. Rapid invasion of the tissue or organ primarily involved by 
proliferating bacteria. This process might seem to imply a capacity 
of the bacteria to multiply rapidly in the intracellular fluids without 
extensive preliminary enzymatic conversion of the substrate. In pneu- 
monia, a period of a few hours may suffice for the lesion to progress 
from its starting nidus to involvement of both lungs. 

3. Maintenance of circulation through the infected area, so that bac- 
teria are frequently found in the circulating blood, where they may or 
may not continue to multiply. Thus the appearance of positive blood 
cultures is frequent in many sulfonamide-susceptible diseases and irre- 
versible damage to tissue architecture is not a dominating element in 
the picture. 

O^er infections in the same general category include: hemol 3 rtic 
streptococcic cellulitis, meningitis, pneumonia and peritonitis; meningo- 
coccal meningitis; and gonococcal infections of peritoneum, joints, and 
lower urinary tract. When an infection with Staphylococcus aureus 
assumes the general clinical and pathological features outlined above, 
the disease is much more likely to respond to sulfonamide therapy 
than is the case when the less rapidly progressive (and more common) 
course takes place. 

The present position of sulfonamide therapy has been reached be- 
cause of the remarkable success with which it has been applied by phy- 
sicians all over the world m the treatment of these acutely invasive and 
formerly overwhelming infections, against which the weapons of im- 
munology possessed only limited effectiveness However, even sulf- 
onamide therapy falls short of being the ‘'therapia sterihsans magna’’ 
for which Ehrlich was searching An important limiting factor in the 
clinical results with these drugs is that once tissue destruction has taken 
place in any area as a result of bacterial activity or ischemia, this 
portion of the whole process becomes resistant to the curative action of 
the chemotherapeutic agents. The physician recognizes that sulfona- 
mide-induced recovery in a severe invasive infection is associated with 
disappearance of the bacteria from the intact tissue, but expects that 
active reddual infection will remain in regions where the disintegration 
of tissue has commenced. The inx>blem of healing of the localized 
abscess is complicated not only by the essential sequences of tissue 
r^air, but also by the prolong^ survival of bacteria in the purulent 
exudate. Therefore, in clinical practice, the physician, when con- 
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fronted with a case of severe invasive infectioni starts out by adminis- 
tering large doses of sulfonamide^ and if a progressively favorable 
course ensues, he may be reasonably certain that no extensive focus of 
localised suppuration is present. If a progressive trend toward recov* 
ery does not take place, he will probably be forced to resort to a surg- 
ical procedure to drain or remove a necrotic focus of persistent in- 
fection. 

If an invasive infection could be likened to a forest fire, sulfonamide 
chemotherapy serves as a dampening rain, which suffices to check the 
alarming wind-blown spread of the fire in the underbrush, but does not 
extinguish the burning of the trees that the fire has already over- 
whelmed. Within a season or two the underbrush is restored, but the 
scarred trees remain as semi-permanent reminders of the conflagration. 
To carry the analogy even farther, just as a rainstorm will not put out 
a smoldering fire in a peat-bog, so will sulfonamide therapy fail by 
itself to cure most of the deeply entrenched chronic infections such as 
bacterial endocarditis, tuberculosis, and the other granulomatous dis- 
eases. 

On the basis of broad generalizations such as these, the investigator 
who started his inquiry into the mode of action of sulfonamides from 
the vantage point of Uierapeutics quite naturally raised the following 
questions: 

1. Is is not more than a coincidence that the drug effect is of 
greatest magnitude in the several diseases that are characterized by 
the most active proliferation of bacteria in the body? 

2. Does the highly developed adaptation to parasitism displayed by 
these invasive organisms (which is perhaps the Achilles heel in their 
vulnerability to sulfonamide action) result from their utilization of one 
or more specialized nutritive enzyme reactions which is not true of more 
saprophytic species and strains? 

3. Is the rapidity of spread of invasive and sulfonamide-susceptible 
infections limited in each case by the available supply in the tissue 
fluids of some specific nutrient factors? 

4. What are the nutrient materials which are readily available to 
bacteria in tissue fluids that will make it possible for them to multiply 
actively without first effecting breakdown of the tissues? 

Complete answers to these questions are not yet available, but they 
did s«*vi to provide a motivation and a direction of emphasis for study 
of the action of sulfonamides in body fluids in vitro, and therefore lead 
us now to an inspection of the second bridge. 
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BODY FLUIDS AS TOOLS OF BACTSRIOLOQIC 
INVESTIGATION 

Leonard Colebrook* demonstrated in 1936 the remarkable enhance- 
ment of the streptococcidal action of whole blood that followed the 
addition thereto of even low concentrations of sulfanilamide. It made 
no difference whether the drug was added to the blood before or after 
withdrawal of the blood from the body. There was some speculation, 
at first, as to the significance of the role of leucoc 3 rtes in this enhance- 
ment of streptococcidal action, but Colebrook observed a measure of 
bacteriostatic action in cell-free scrum, and it later became apparent 
that participation of leukocytes was a secondary, associated phenom- 
enon, and not primarily connected with the drug effect.*' * 

Since it was known that invasive hemol 3 rtic streptococci would nor- 
mally multiply with great rapidity in the blood of patients dying of an 
overwhelming infection by this organism, the observance of a reversal 
of this state after sulfonamide therapy provided a fairly direct charac- 
terization, in nonspecific terms, of the nature of the chemotherapeutic 
action of the drug Of all the chemical compounds with demonstrable 
actions against bacteria tn vitro, only sulfanilamide and its later 
N 'substituted derivatives appear to retain antibacterial action in the 
presence of body proteins in vivo and in vitro, and also satisfy the 
other basic requirement of a chemotherapeutic agent, that of being ab- 
sorbed and transported to the site of infection without undergoing 
chemical inactivation in the process. The real investigation of the 
mode of action of sulfonamides during the past five years has therefore 
been directed by students of bacterial metabolism toward explaining 
this phenomenon in specific biochemical terms. Only knowledge of 
the biochemical nature of the reaction between drug, bacteria, and host 
could provide a basis for a rational approach to improvements in 
chemotherapeutic agents that has been so earnestly desired. How- 
ever, continuing investigation of the nature of the action of sulfona- 
mides on bacteria in body fluid media has gone hand in hand with these 
controlled studies of the effects of the drug on bacterial metabolism 
and has helped to keep investigations of the latter variety from wan- 
dering too far afield of the main problem: ^^How do these drugs work 
tn the bodyV* At the same time, the validity of studies in vitro has 
been supported by the observation of White, Bratton, Litchfield and 
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Marshalli^ that activity m vivo is always accounted for by parallel ao« 
tivity of the drug, or its immediate derivation, in vitro. 

The following observations seem to go partway toward answering 
the questions which were raised by “therapeutic experience.’’ When 
small numbers of actively multiplying, potentially invasive strepto* 
cocci are added to human serum they continue to multiply logarithj^o- 
ally with a generation time of 20-30 minutes for about 10 or 12 hours, 
after which, if the medium is not supplemented or replenished, the pop- 
ulation tends progressively to deteriorate (pigurb 1) . When sulfanila- 



Fmw 1 PopulftUoa cury« of h«nol>ite strcptooocci in hunuun Bervm, compared to atandarri 
growth curve of baeVena (Zuuarr) 

luide is present in concentration of 10 mg per cent or more, the loga- 
rithmic phase continues for only 1 to 2 hours, and the deterioration of 
numbers of living bacteria commences at about 3 hours. It is true, in 
general, that the shorter the generation time of growth in control tubes, 
the more striking is the sulfonamide-induced reversal of the curve in 
the experimental tubes. In spite of the recognised differences between 
serum in4de and outside the body, there is a general parallelism be- 
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tween the phenomena demonstrable in the test tube and the phenomena 
which by implication seem to occur in the body during invasive in- 
fection. 

To obtain the critical break in the logarithmic phase requires start- 
ing with organisms adapted to rapid multiplication in the serum, a 
medium in which avirulent variants multiply feebly, if at all. Organ- 
isms present in media in which they do not multiply are not influenced 
by '^chemotherapeutic'* concentrations of sulfonamide ’ 

If there is added to the serum a small amount of acid hydrolysed 
casein, the rate of growth of the organisms in sulfonamide-free serum 
is slightly accelerated, and the population tends to reach higher levels 
before deterioration commences. However, amino-acid mixture does 
not modify the critical effect of sulfonamide on the logarithmic phase 
of growth (figure 2) . 

Addition to the serum of a small amount of enzymatic digest of 
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oMeiD (peptone) effeeta a rimilar acceleration of growth in the control, 
afford! postponement for many hours of deterioration of the pc^nUa* 
tion, and at the same time greatly modifies the reaction of the organ- 
isms to sulfonamide (rioxmBB 2 and 3). Instead of lowing a critical 


Lo^ of 



break in the loganthmic phase at the 3-hour point, the population con- 
tinues to increase to a level only slightly below that of the control, and 
the tendency toward sterilisation of the culture is not displayed, as is 
true in the absence of peptone. Such an experiment appears to repro- 
duce in vitro the failure of sulfonamide to influence the survival of bac- 
teria in areas of tissue devitalisation tn vtvo. MacLeod has demon- 
strated the existence of sulfonamide inhibitors in enxymatic digests 
from a variety of tissues.* 

Addition to the serum of p-aminobensoic acid causes no alteration in 
the character of the control population curve, but duplicates the pep- 
tone effect in respect to modifying the reaction of the bacteria to sulf- 
aniianside (houbb 4). By adjusting the relative concentrations of 
PABA and sulfonamide it is posnble to demonstrate an approximatimi 
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of a molar relationship between these reagents. This experiment dem- 
onstrates that the com(>etition between PABA and si’lfonamide, which 
is the basis of Woods’ hypothesis, holds true in human serum in in vitro 
as well as in laboratory media, an important step toward establishing 
the validity of this hypothesis. 

From these experiments we may infer that sulfonamide lowers the 
population ceiling of actively proliferating bacteria in unmodified 
serum, but loses this effect in the presence of certain products of pro- 
tein degradation, of which p-aminobensoic acid is the most notable one 
yet characterised. There is reason to suppose that bacteria proliferat- 
ing rapidly in serum may satisfy their nitrogen requirements by utilisa- 
tion of the limited amounts of nonprotein nitrogen available, that even 
provided with adequate utilisable nitrogen the completion of an ensyme 
reaction involving PABA is essential to continued proliferation. PABA 
may be derived from: (a) digestion of tissue protein, (b) distintegra- 
tkm of bacteria, and (c) artificially added increments. 
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CHBMOTHHiUFSOT^ ACTION AND IMMUNITY 

The next bridge mnst cany the weight required to relate the phencnn- 
ena of selective bacteriostasis in vivo to the modification in the hoet^s 
reaction to infection induced by the drug. One pier of this bndge con* 
sists in the comparison of the microscopic picture of an infection in the 
non*treated subject with that in ihe treated subject. Levaditi,* and 
Long, Bliss and Feinstone,'® independently observed that virulent bac- 
teria inoculated into the peritoneal cavity of the untreated mouse tend 
rapidly to proliferate, and to overwhelm the phagocytes in the exudate, 
whereas, in the treated animal, the pullulation of the organisms con- 
tinues for only a brief period, so that effective clearance of the bacteria 
is carried out by the phagocytes. Adolph and the writer^^ noted little 
difference in the type of cellular exudate in untreated and treated rats 
with induced streptococcic meningitis, but saw a picture of unrestrained 
proliferation and spread of bacteria in the control animals, contrasting 
with the appearance of minimal numbers of streptococci in the treated 
subjects (PL. 4, FiQS. 5 and 6). Only in localized abscesses that some- 
times developed in the treated animals was it possible to discern large 
numbers of bacteria. W. B. Wood^* studied experimental pneumo- 
coccic pneumonia in the rat and verified the observation of drug-in- 
duced bacteriostasis in this lesion. He showed, further, that the effect 
of sulfonamide on the pneumonia lesion differed quite remarkably from 
the effect of antibacterial serum. The serum promoted active aggluti- 
nation and phagocytosis of proliferating pneumococci, while the sulf- 
onamide primarily limited proliferation through a direct bacteriostatic 
action. Organisms at the periphery were '^swollen, pleomorphic, and 
irregularly stained.” The same morphologic changes are observed in 
bacteriostatic studies in vitro* 

The second pier in this bridge is based on studies of the modification 
in the development of the immune reactions between treated and non- 
treated individuals. If the drug effect consists only in the induction of 
a reduced opportunity for bactmal multiplication in vivo, then one 
mi^t expect recovery from invasive infection to take place without 
actual development of antibacterial immunity It has, in fact, been 
observed in both animals and man that drug-induced recovery is not 
necessarily associated with acquisition of Uie same degree of immunity 
that would be exhibited in recovery without drug treatment. Mcln- 
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tosh and Whitby^* showed that the height of the immune reaction in 
mice was determined by the size of the infecting dose, which, of course, 
determined the amount of bacterial antigen that was absorbed. Wliere 
drug treatment was commenced early, and in large doses, very little 
permanent protection against the specific infection developed. How- 
ever, where absorption of antigen was increased by either a brief delay 
in institution of chemotherapy, or by increasing the size of the infecting 
dose of bacteria, than a higher antibacterial immunity was acquired by 
the recovering animal. Of especial interest in this connection is the 
effect of sulfonamide on rheumatic fever, a disease now widely believed 
to be a delayed consequence of a modified or partial immunity to mild 
hemolytic streptococcic infection of the respiratory tract. Cobum 
and Moore^* and Thomas and France,'' independently, have shown that 
if hemolytic streptococcic pharyngitis is prevented by continuous ad- 
ministration of small doses of sulfonamide to rheumatic-susceptible 
children, then the syndrome of rheumatic fever is not released, pre- 
sumably because the necessary antigen is not prepared in the upper 
respiratory tract. However, once a mild upper respiratory infection 
develops, the administration of sulfonamide not only fails to prevent 
rheumatic fever, but may actually aggravate the severity of the disease 
when it develops. This consequence of sulfonamide therapy can be 
explained on the basis of Cobum’s view'® that rheumatic fever is most 
likely to occur when the full release of the normal immune reaction to 
hemolytic streptococcic infection fails to take place at the time of the 
primary disease By ^^aborting” the infection the drug actually paves 
the way for the rheumatic recrudescence. 

Sulfonamide therapy is of little value in modifying any of the mani- 
festations of toxemia in infections where the bacteria produce soluble 
exotoxins. For example, the rash of scarlet fever, and the other phe- 
nomena of the acute toxic phase of this disease are not affected by 
sulfonamide therapy, although the incidence of complications that 
result from bacterial invasion per se may be significantly reduced 
Therefore, both histological and immunological evidence support the 
view that the action of sulfonamide m the body is identical with that 
observed in body fluids in vitro, namely, a bacteriostasis that may vary 
greatly in degree under different conditions, and that is supplemented 
by other host reactions, but which is qualitatively similar for all drugs 
and for all types of bacteria. 


_ _ a WhUSf , In a. B. LMe«tl:4tl. 
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SULFONAMIDB PABA COMPETITION IN VIVO 

The fourth and final bridge that time permits me to describe to you 
was put in place securely and well by ^Ibie,'^ a colleague of D. D. 
Woods. Immediately following Woods’ demonstration of competition 
between PABA and sulfonamide, Selbie administered PABA to infected 
animals and showed that the protective chemotherapeutic action of 
sulfonamide was lost in these animals. It has only rarely been pos- 
sible to obtain a more clear-cut example than this of identiy of reac- 
tions in vitro and in vivo. PABA did not by itself increase the viru- 
lence of the infection, suggesting that the available supply of this sub- 
stance was not by itself a limiting factor in the rate of proliferation of 
streptococci in the body, as is also true in vitro, but nevertheless in the 
presence of an excess of PABA the sulfonamide could not adequately 
block the completion of the specific enzyme reaction that sulfonamide 
does block when the PABA supply is within physiological limits. 


PROMISING AVENUES OF INVESTIGATION 

Before concluding this subject, it might be appropriate to sunamarize 
the avenues along which further improvements in chemotherapy might 
be effected. There is, first of all, the possibility of developing new 
compounds that will compete with PABA in more favorable ratio than 
do the drugs now available. If this competition is demonstrably aug- 
mented not only in synthetic media in vitro, but also in serum and 
other body fluids, and if the drug is transported to the tissues in effec- 
tive concentration, then even better therapeutic results might be ob- 
tained. However, there is as yet little reason to hope for any very im- 
portant advance along this specific line. More promising perhaps will 
be attempts to modify the pharmacological properties of the drugs 
already available, so as to direct their accumulation in vivo at the site 
of active infection in certain types of sulfonamide-resistant diseases. 
One example of this type of advance is in succinylsulfathiazole,^* a 
drug which in large doses resists absorption by the upper intestinal 
tract, but which in the lower bowel breaks down to liberate sulfathiazole 
in concentrations that are effective against certain intestinal pathogens. 
It is a long step from this to the development of a drug that will selec- 
tively accumulate in tubercles, or in endocardial vegetations, but per- 
haps thif greatest advances toward chemotherapy of tuberculosis and 
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bacterial endocarditis may be achieved through such an approach. 
Shannon’s studies^* are of especial interest in this connection. 

Otiier avenues of progress, which are just beginning to open up, may 
lead to increases in the activity of the drugs already available. One 
is the discovery of agents that will selectively combine with or inac- 
tivate the substances that now serve as sulfonamide inhibitors For 
example, if we could find an agent that, under the conditions of Selbie’s 
experiment, would destroy the reactivity of PABA in vivo, then a 
major advance might result. Only in local chemotherapy is there so 
far much encouragement of practical application of this principle. It 
has already been suggested that urea,*® azochloramide,** and certain 
oxidizing agents are capable of synergizing sulfonamide action by an 
inactivating effect on PABA and its precursors. The control of pH as 
a means of increasing the activity of sulfonamide through promotion 
of ionization**' *® is also impractical in systematic chemotherapy but 
may prove to be useful in treatment of local surface infection if suit- 
able buffers can be developed. How far it will be desirable to go in ex- 
ploring these avenues for increased sulfonamide activity will depend 
in part on what limits appear in the chemotherapeutic possibilities of 
the newer antibiotic agents such as penicillin and strepiothricin. The 
brilliant success with which penicillin is now being used experimentally 
in the treatment of invasive infection by staphylococci and other sulf- 
onamide-resistant bacteria leads us to believe that the broadest high- 
way for inamediate progress is through this field. However, so unique 
is our understanding of the mechanism of action of sulfonamides that 
there is a challenging opportunity for bold application of this funda- 
mental knowledge toward the ultimate attainment of Ehrlich’s chemo- 
therapeutical ideal. We have attempted to show that tested experi- 
mental tools are already available by which the antibacterial activity 
of intelligently designed sulfonamide compounds may provide a basis 
for interpreting chemotherapeutic reactions in the body. 

As Galdston*^ has recently pointed out, it is interesting to note, that 
our present concept of the action of sulfonamides in the body is in close 
accord with an early hypothesis advanced by Ehrlich in 1908 to ex- 
plain recovery from infection, that of "atreptic” immunity: . . it is 
sufficient to assume that those substances (bacterial nutrients) may 
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still be present (m the body), but that the parasitic agents in question 
are incapable of absorbing them; in other words, that the substances 
have ceased to be at the disposal of the bacteria’’ . . . ^It suffices to 
suppose that the bacteria . do not find the needful means of exist- 
ence in the body and therefore cannot multiply. This being the case, 
they cannot for any length of time remain alive in the body, for then 
the latter’s defensive forces, its phagocytes, come into action and de- 
stroy the invaders in a non-specific manner ” A theory to account for 
iqpontaneous recovery from infection, which was at one time pro- 
pounded by Ehrlich but later abandoned, may now be extended to 
describe with remarkable accuracy the probable mechanism of the 
chemotherapeutic action of the sulfonamides in vivo 


Plats 4 

Memn^al exudate* of rath expcnmentallv infrtted with Streplococcub htmolylu- 
cuH (arc Page 534) 

FiatiBB 5 Exudate of control animal dying at 40 hoiirn (ontaining largo mansofl 
of free cocti 


P'lGURS 6 Exudate fiom aulfanilamide^treated animal aacniiced at 48 houra 
No organuma visible 

(For complete details see Adolph, P E and Lockwood, J S , Arch Otolaryngol , 
17:535,1838) 
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INTRODUCTION TO THE CONFERENCE ON 
PSYCHOSOMATIC DISTURBANCES IN RELATION 
TO PERSONNEL SELECTION 

B \ Lawren('e K. Frank 
\^€w York, N. K. 

This c'onfrroiice on Psychosomatic Disturbances in Hclation tt) Per- 
sonnel Selection has been called to focus attention upon some of the 
urgent problems of personnel selection for the war and the postwar 
period. 

Und(T necessity of mobilizing our total man power and woman power 
lor the war effort, in the armed forces, in industry, agriculture and es- 
sential civilian activities, we are faced as never before with the ques- 
tion of how to select personnel for the various tasks involved, in such a 
way as to conserve our human resources and to avoid assignments of 
individuals to tasks that will unnecessarily e:q)ose them to breakdowns 
or daniag(‘ The casualti(‘s of combat will uinloubtedly be large, but 
we are increasing our human wastage by unwise, careless selection and 
assignment of personnel, and by disregard of individual differences 

We are far from having the metluKls and procedures that will unerr- 
ingly select individuals for each of the many activitu's of wartime ac- 
cording to their individual cajiacities and peculiar fitness for such 
N\ork At best, today, we can attempt only the more modest task of 
trying to select the individuals who should not be as.^igned to various 
activities for which they are not suitalile Hut this modest endeavor, 
if carried out wit*i the knowledge and resources now available, might 
I>revent much unnecessary wastage <»l human lives incident to total war 
and at the same time enhance the contributions which individuals, each 
according to his or her ca[)acity, might makc^. 

The problem of selection of personnel wdll not be lessened when the 
war ends. Rather we shall face an enormous undertaking in demobili- 
zation, rehabilitating and retraining the men and w’omen in the armed 
forces, in war industries and in the other activities that will be rapidly 
curtailed when fighting stops. It has been proiiosed that a s\stematic 
effort be made to assess each individual tf) be demobilized foi possible 
further education, vocational or professional training and for job 
placement. This presents a challenging opportunity to go beyond the 

( 541 ) 
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present rather limited pruceclures, many of which rely upon a person’s 
past experience, what he knows or has done and his limited acquaint- 
ance with certain jobs or the terminology of a profession. AVe must 
begin to reveal the potentialities of individuals often unknown to them- 
selves and their levels of aspiration, thereby unlocking large human 
resources that we are now ignoring or wasting. 

For those who have been w^ounded and maimed, this postwar pro- 
gram will call for more or less extensive rehabilitation, occupational 
therapy and the restoration, so far as possible, of their ability to take 
up the tasks of living again despite handicaps, impairments and emo- 
tional disturbances. Every injured individual, it seems safe to say, 
will be in need of psychotherapy. 

It seems jirobable that this w'ar, requiring prolonged periods of wait- 
ing under mouirting tension before going into action, as in submarines, 
airplanes, gliders, parachute corps, tanks and the like, will foster a 
heavy incidence of psychosomatic disorders since individuals will have 
to “consume their own smoke” and carry their mounting anxiety in 
their organ systems and functional processes. Thus it seems likely 
that 111 the postwar period there will be a heavy load of such patients 
for which we are scarcely pr(‘par(*d (*ither to diagnose correctly or to 
treat effectively 

Likewise it seems proliable that there will be an increasing frecpiency 
of disturbance in civilians who will exhibit, either during the war or 
after, symptoms of dysfunctions, mental tlisorders, or crippling neu- 
rosi'.s \\ e can not t'xpect a ])eople, wlio have gone through ten years 
of a major depression with all tliat it has done to families and indi- 
viduals, to liave the necessary resilience to accept the wartime controls, 
deprivatuuis and restrictions with ease Let us remember that wc are 
now asking petipU* to accept deprivations of food and fuel, shortages of 
customary goods and services, to live in poor and congested housing, 
use congested transportation, meet rising prices and mounting taxes, 
etc., with all the current insecurity and worry, especially over sons and 
husbands in tlu‘ armed forces, some of whom are already being re- 
ported as casualties I nlike the British who are a more hoinogenetius 
peojile, with more intact traditions, confronted with immediate danger 
and destruction, we may not be able to “take it” so well. It seems 
likely, therefore, that we sliall have a heavy load of civilian cases in 
addition to those of service men and women after the war, for whom 
we must prepare needed procedures for diagnoses and therapy. 

ff we recall these situations and prospects, the full description of 
which would justify a numlier of conferences, this meeting appears 
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highly apiiropriate and sufricient ly important, professionally and so- 
cially, to warrant calling upon busy investigators to jireiiare jiafiers and 
come here for their discussion. We must make every effort to clarify 
our problems and improve our procedures for understanding individ- 
uals if we are to meet the present and future demands for jirofessional 
guidance and direction in selecting personnel 

liefore we turn to these jiapers and emhark upon the discussion of 
tlie many technical jiroblems to be considered, it may be juTinissible to 
indicate briefly the larger context in which we find ourselves today 

The preoccupation of scientific research with a scairch for regularity, 
uniformity and unvarying order, to be expressed in laws, generaliza- 
tions and eijuations, has liad as a consequence the develo})ment of a 
f)(*hef that any concern with the individual was, liowever important for 
other pur])oses, not scientilic Indeed, in many statements and ]mb- 
hsh(‘d ])apers one gains the impression that the individual who departs 
Ironi the statistical norm or deviates from the uniform patttTii is a 
curious and rather deplorabh* breakdown in Nature’s otlau-wisc* majestic 
lU'derliiK'ss This search for uniformity has he(‘n the pattiTii of the 
physical sciences which, as we are now realizing, hav(‘ until recently 
locused upon thos(‘ events that were the outcome^ of many convergent 
I»henomena that averaged out in more or less regular and uniform order. 

The prestige and the success of tln'sc nH‘th(Mis have greatly influ- 
enced the life sciences which have more or less explicitly ignori'd the 
individual and eonciuitrated upon a similar search for r(‘gulanty and 
uniformity 

In much of the work of the life sciences we see hciw fre(|U(*ntly indi- 
viduals are observed and measured for data to show' the relation be- 
tw(‘cn tw'o \ariables, but th<' individuals who supjily ‘ 'ich data an' of 
little or no interest and are regarded as having no significance hir the 
specific problem under study. This preoccupation with professional 
problems has involved using individuals as source's of data, which an* 
then abstracted and treated as wholly indt'pendenl ot the individuMl 
(•rganisms from whom they were derived, as if the data wen* more or 
l(‘ss absolute, especially if (luantified 

Indeed it may be said that in the lifo «>ciences we have endeavorcil t(» 
understand individuals primarily by studying groups and age and sex 
group characteristics For example, in psychological |)rocedures de- 
vised for measuring individual differences, the majority of the tests 
have been developed as w'ays of discovering how’ much an individual 
dc'parts from the norms of action, speech and belief established statis- 
tically for each chronological age and sex group. Likewise, in many 
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structunil and functional tests, the individual is viewed as deviating 
from certain norms of size and performance for age and sex. These 
tests and procedures are of undoubted value in classifying individuals 
according to their conformity to, or deviation from, such norms, but it 
seems fair to say they do not reveal much about individual differences 
as such nor give much understanding of the individual’s idiomatic, if 
not uni(jue, make-up and funetkming, of how he manages to live and 
carry on with those deviations from the norm Only a few investiga- 
tors and a few tests have accepted the challenging problem of studying 
individuality in its manifold expression. 

Within recent years the climate of opinion in scientific work has 
been changing. With the development of (luantum physics has come 
the realization that Ixmeath the uniformity and regularity of events 
there is much disorder, irregularity and lack of uniformity, as exhib- 
ited by tlie electrons, atoms, molecules and other constituents of the 
larger aggregates that have b(‘en found .so orderly and uniform by clas- 
sical methods. Almost suddenly, therefore, jihysicists have begun to 
study individuals, to say explicitly that many of their most cherished 
generalizations and laws are applicable only to convergent phenom- 
ena • Thus we may say that the study of individuals has begun to 
become scientifically respectable and therefore the students of the life 
sciences need not be too hesitant to embark upon such investigation, 
which now' offers probably the most exciting and challenging problems 
of our time. 

If w'e are to undertake the study of individuals as a search for 
something more significant than the description of mere uniqueness, 
then W’c must prepare to revise some of our customary ideas and pro- 
cedures 

It appears that increasingly we shall focus our thinking not only 
upon the problem of the relation of tw*o variables, studied in multiplic- 
ity of cases, but upon the problems arising from an interest m patterns, 
configurations an<l organizations. The field concept leads to a refor- 
mulation of the idea of “parts” and the “whole” and of the jiroblem of 
organization. Instead of seeing “parbe” as di.screte entities or vari- 
ables that are coerced into an organized w’hole by some unknown power 
or force or vitahstic (juahty, we begin to sec the whole as that which 
the so-called “parts” create by their patterned interreaction which 
in turn patterns the activity of the parts We can therefore no longer 
rigidly isolate “parts” from their organization nor can we pick out one 
organ system or functional activity in the organism and endow’ it wdth 

Langmuir, Irrlag Snenrr, January 1, 194S. 
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a potent causal power over the other organ systems or functions, as so 
much of our thinking in physiology seems to im])ly Indeed, we art' 
often told that a certain gland, such as the pituitary, is the cause of 
certain otner organic events, as if the pituitary wert* somehow outside 
of the total organic complex and not being acted upon by its presence 
in the organism The notion of cause and t‘(Tect. of a vis a tenjn, still 
dominates much of our thinking m the lift sciences anrl by so much 
blocks our efforts to understand how an organism 1 unctions, aiul how 
the several organ systems jiarticipatc in tlie organic totality. For the 
life sciences faced Nvitli the jiroblein of organization, the field concept 
offers a release from many traditional problems that derive from the 
older concepts ol organization; an organization b(‘coim\s the totality of 
interrelations — ^of actions, reactions, interreact^ons that take jilace 
among the so-called “parts,” thereby creating and maintaining the or- 
ganized whole tliat in turn patterns the activities ol those* jiarts Or- 
ganization IS not a mysterious power or (‘iitity or prune “cause'’ 
When we take the concejit of organism seriously, we mil c(‘ase to reify 
data into independent (‘iitities that are then abstracH'd from their or- 
ganic field and so give* rise tei artificial preiblenns 

The field conce'pt means bieilogical relativity and the* recognitmn that 
e*very measurement or obse'rvation we make must lx* eirdere'el to the 
field- that is, studievl and inte*rpre*te*<l in t<*rms ed the* organism m 
which it eiccurs anel has be*e*n eibserv'e'el Spe'cifie*ally this me*ans, as I 
interpret it, that the same* inagnituele ()bserve*el in a number of organ- 
isms may have widely diffe'rent signifie*ane*e while diffe*rent magnitudes 
will have the same significance*. be*cause* t*ach magnitueie* eir e»tht*r ob- 
serveel characteristic must be e*nlarge<l eir r(*duceei ace*e>relmg to the or- 
ganism exhibiting that imignitiiele 'This, I take it, is ’’’hat the clinical 
method does, transl iting e*\e*ry fmeling into its relative significance* for 
the total individual patient un<le*r stuely and tre*a(me*nt 

It likewise indicates that we shemld shift emr feicus from a searcli for 
identities and (|uantitative unifeirrmties to a stud}^ of eejuii'aleuits, rec- 
ognizing that it is the configuration, pattern or organization that is sig- 
nificant, not merely the isolated parts or elirnensions, which may vary 
widely within the same configuration , In other words, tin* future trend 
in the life sciences will probably be to study organization and processes, 
not merely (nd products, since the same process may give rise to a 
wide variety of products wdiich we must learn to recognize as equiva- 
lents coming from the same process This shift is already recognizable 
in some discqilines, such as genetics, w'here the most dissimilar struc- 
tures or organisms are being revealed as genetically related, that is, 
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coiuiuK iroin th<* same basic process. The criteria of credibility plays 
a large role in scientific advances, as v/e see in physics today, where the 
criteria for large-scale convergent phenomena are being superseded by 
other criteria for (plant um physics Likewise, new criteria for study 
of individuals are needed since coefficients of correlation, measures of 
dispersion, sigma distributions are not very ajiplicable. Nor is factor 
analysis the answer, as that also necessitates fractionating individuals 
into discrete measurements that can be put togellier only for the group. 

This does not mean scientific chaos or irresponsible hunches and 
disregard for precise (juantitative jirocedures. On the contrary, it calls 
for much more refined and rigorous methods and the manipul ;lion an 1 
interpretation of data by more appropriate concejits and procedures, 
just as the change from classical physics to quantum physics has 
brought, not confusion and retrogression, as some feared, hut gri'at ad- 
vaiK(*s and more understanding. 

If we also take seriously the conc(‘j)t of the four-dimensional sjiace- 
time. shall s(‘(‘ (hat such ancient dichotomies as that of structure 
versus tunction become not only useless but obstructive * Tlie prob- 
h*ms that the dicliotomy of structure versus function have created can 
be rc'solved by .sliowing they an* not r(‘al problems but artificial prob- 
lems generat(*(i by unreal assumptions t 

For example, much of resistance to the psychosomatic viewjioint and 
approach to individuals arises from the persistence ot the older notions 
of a rigid structure and ol textbook functional norms and the concept 
of a cause and efiVet relationship .supposed to goviTii all organic reac- 
tions Th(‘se \\('re abstractions that are no longer credible nor useful 
but an* so strongly entrenched in our thinking that we refuse to look at 
the actual structural picture a plastic, ever-changing scheme of spatial 
relationships Likewise, we are reluctant to accept the available data 
which show that organisms rarely contorm to the simiilified textbook 
norms or artitacts Moreover, as Dr Sheehan has emphasized, every 
individual has his oi hi‘r idiomatic* pattern ol homeostasis with a 
greatiu* or l(\ss variability from period to period (variability being the 
change within the organism as contrasted with the variation from or- 
ganism to organism) Here in homeostasis wv .see an excellent illus- 
tration of how the .same process may appear in different magnitudes 
and give rise to different or similar products -the stability of the indi- 
vidual whicli he maintains at a certain physiological cost 

The recent studies with tagged atoms and isotopes are showing that 

* FrM^, LawnoM X structure, function and crow th Phil of Science f ' No < April, 10SA. 
t (nanrellor Kemp Smith remarlied man> veara ago, "The history of human intelligence is a 
eord, not so much of the progressive discovery of truth as of our gradual emancipation from error " 
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the organism is in a continual state of flux, as the environmental im- 
pact (weather, food, etc.) acts upon the organism, which selects what 
it will react to and what it will retain or release. F.ven teeth are con- 
stantly being replaced, atom by atom. 

This is not the time to enlarge further upon the many far-reaching 
changes that impend in the life sciences As I have on previous occa- 
sions suggested, we are seeing the rise of a biological relativiiy which 
will open as rich and promising a new field of work as did physical 
relativity. 

Once we have developed a consistent and thorougligoing organismic 
(•()nc(‘pt and accepted biological relativity, vve shall cease to be tr()ubh‘<l 
by such (jiiestions as, “How can emotions cm/.s'c a disturbance m the car- 
diovascular system or gastrointestinal tract?” We shall realize that the 
(piestion is no longer valid but that we can and must proceed to study 
how organisms react under varying threats and loads and deprivations, 
including the persistent threats carried in the organisms as residues 
(physiological changes) from previous experience. 

We shall also begin to focus on the (juestion of organic incongruity 
and discreptincy, studying the interrelationship among the olten im- 
balanced organ-systems, structures and activiti(‘S in the individual 
and seeing his idiosyncratic behavior and fun ioniiig as arising from 
his peculiar configuration in his multidimensional environment.* 

It may also be pointed out that we have not y<‘t clarified the idea of 
time in the life sciences Time, as I see it, is more than a variable or 
a dimension in a frame of reference for onlering observations. Time 
IS a process as w v realize when we reflect upon biological or physiolog- 
ical tune. Moreover, we must try to clarify the concept of past ex- 
perience and give it a formulation compatible with our other new con- 
cepts and orientations So much perplexity in this field of study arises 
from the confusion over past experience and inability to see that the 
('rganism continues to carry its past expenem-e into the present as jier- 
sisting modifications of the organism t 

W hat I have said on this subject is appropriate, J beli(»ve, because 
the psychosomatic concept is at once a protest against the older frac- 
tionation of the organism into supposedly discrete parts and 8(‘parate 
powers and ad hoc causes invoked to explain ever>" functional activity 
and behavior, and it is also a program for research and therap> di- 
rected toward a more holistic or organismic field concept of ti'an. In- 
deed it is not unwarranted to say that in psycho.somatic rc.search we 


• See Men'i multidimenMonel environiuent Scientific Monthly. B6; 54i-857. April, H»48 
t See I..OCUI of peat eipenenre Journal of Philosophy iO: 5*7- 8f 9 19*8 
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are seeing the forward movement of the life sciences, some disciplines 
of which have scarcely realized the significance of this new climate of 
opinion. 

There is another aspect of this conference that I cannot forebear dis- 
cussing at least briefly. The central issue of our time, dramatically 
and tragically focused by the war, is the value and significance of the 
individual human personality. Over and above voting and represen- 
tative government, of freedom of action, speech and belief, is tlie 
crucial question of freedom for the human personality. Now there is 
no one more keenly aware of how we are neglecting and mistreating 
the human personality than those who as physicians, psychiatrists, 
psychologists and others are studying, treating and attempting to re- 
habilitate the immense army of men, W’omen and children who are 
warped, twisted and distorted, driven by anxiety, hostility and guilt, 
exhibiting the many forms of mental disorders, of illness, ot neurotic 
defeat and socially destructive conduct 

If we are really convinced that the democratic way of life is impor- 
tant and must be protected and more fully realized, then 1 submit that 
we must strive to understand individuals and learn how to rear chil- 
dren, educate youth and employ men and women so they can live at 
peace with theni.selves and therefore at peace with society Jt cannot 
be too strongly emphasized that if w'e desire a free, democratic social 
order, we must protect and develop each indn idual so that he is capable 
of carrying the burdens of freedom, of helping to maintain social order 
by self-disciplined co-operative conduct and an awareness of, and n*- 
spect for, the personalities of others We cannot therefore permit any- 
one. no matter how' lowly, insignificant or seemingly unimportant, to 
be humiliated, degraded, terrorized or otherwise damaged as a person- 
ality. because those so treated are unable to participate in a free demo- 
cratic society or to develop the kind of human relations to winch all 
asjiire 

Specifically, if in our homes, schools, clinics and hospitals, workshops 
and other places of human contacts and associations where we a.ssail 
the integrity of individual personalities, w’e are to that extent denying 
the democratic aspiration and blocking its attainment The psycho- 
somatic concept is, therefore, a very real and effective expre.ssion of 
the democratic ideal and a protest against all those practices, lay and 
professional, that depersonalize and deny the respect and the human 
treatyient that each individual merits as a personality.* 

Perhaps in the dark and difficult days to come, those who are work- 

• Fr««doni for th« pvTsonality. Piycbmtry t: No. 8. Aufuat. 1840. 
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mg on tln«? problem of understanding and selecting indiMduals and 
conserving personalities may have to carry the major rt^ponslblhty for 
the lurther (le^elopmenl and application ol ihi^ democratic ideal 
to life They may be the only gioup in a i)0‘'ition to n^^vri that ideal 
and to indicate what we must do to reconstruct oui traditional cul- 
tuie and oui social life to attain that goal A recognition oi om ]>res- 
ent and lutuie responsibilities ol this kind ma> serve* to gne* this 
me(‘tmg and the activitn*^ which we hojie it will stimuhit(‘ an achhd 
meaning and significance 




SOME PHYSIOLOGICAL PRINCIPLES UNDERLY- 
ING VARIABILITY OF RESPONSE 


By Donal Siikehan 

CoUcye f>/ Mcdicmc, New Yink I rui'cr^^ity, A'< u* A. )' 

'i\) cover 111 any Hdecpiate manner the tojiic that hais been piven to me 
as tlie subject of niy remarks would encompass, and misht even end, 
with an account of the structure and functions of the living cell. To 
do so would sidetrack me into a discussion of internal metabolic proc- 
esses, th(‘ princijdes of which are lamiliar to you, and the controvcTsial 
(letails ot which 1 am ill-prepared to debate 

Sherrington has said that in tin* life of the organism, the is “n 
unit-life ilynainically and structurally Its shape and visible* jiarts. 
commonly called structure, are indeed in lact as dynamic us any ol 
Its other features To appearance more stable, as boundary m<‘m- 
branes, etc , they are none the less steady statics oi moving e<imhbrm 
and as ‘living’ as the rest The cell is a polyj)hasic system a hose total 
average dynamic eciuilibrium rests on (‘iiergy-exchangi* between its 
parts and between them and its surrouial, an energy-exchaugi* organ- 
ized so as to ceiiti'c on itself Its activities can. for tht* most part, be* 
expressed in known physical and chemical jirocesses 'Phe eiH‘rgy is 
turned to maintaining itsell “'Po belm\e m this way” continues 
Sherrington “is a common and con\enient jihrase to manifest life It 
involves de])endence on its sui round for energy It is a conception un- 
thinkable ajiart from its surround It is so locked imo its surrouiul 
that to extract it thence is to break it m all directions ” 

This summarizes aptly the first pmnt which I wish to stress: The <*s- 
M'uct* of life is change Any reaction ol an organism or of its parts to 
a luwv stimulus is su|)eriini)osed upon a base line, which is alrea(l\ 
fluctuating, ami which is a ndlection ot the organism’s resp(»ns«‘ to an 
ever-clianging environment There is no such comlitiou as “at rest.” 
and this is true no matter what particular type of living cell we may be 
stuilying When we sjieak of a tihysiological “constant” o) the bmiy 
temperature being 98 6^ F., or of the blood sugar level as 80 mgm. - 
we are referring to a mean value from w hich fluctuations mciir m eithci 
direction The “constant internal state” of (dande Hernard is a condi- 
tion not of statn* but dynamic balance. It is maintained at a price 

* lh#ITlll(ton, C 8. Man on liia nature. C:ainbridffe I niv«>rait> Prcaa. 
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Forces pullinj; in opposite directions are equilibrated so as to give an 
appearance of rest. Tliis is nowhere better illustrated than in the 
standing posture, where lack of moveiuent is only maintained by tonic 
activity in both the flexor and extensor groups of muscles. The dy- 
namics of the circulatory system offer another example of delicate bal- 
ancing mechanisms interlocked to maintain an ade(|uate venous return 
to the heart, with depressor and vasomotor reflexes called into play the 
instant the blood pressure fluctuates beyond the limits of the physio- 
logical needs of the tissues. Innumerable other illustrations could be 
given. 

In the limited time at my disptisal, 1 must focus my discussion on the 
specialized cell that forms the unit of the nervous system. But I must 
digress for a moment to indicate the common ground from which the 
jihysiologist and psychiatrist can begin discussion. The motor re- 
sponse of the individual is the fabric of both the physiologist and the 
l)sychiatrist The physiologist interi)rets it in terms of neural activity, 
the psychiatrist in terms of psychological behavior. If there is a true 
liaison lietween “iisyche” and “biain,” one might at least hope that 
the piecing together of the factors of neural activity would lead to a 
better understanding of the psycliological process. We have to con- 
fess that we are as yet far from realizing this expectation Let me 
(piote again from Sherrington. 

“But wliere does neurophysiology contribute anything to tlie knowl- 
edge of the norm from which anxiety causes departure, and what has 
cerebral physiology' to o1T(T i»n the whole subject of ‘anxiety’? The 
psychiatrist has pertorce to go on his way siH'king things more germane 
to what he nee<ls The mind is a .Muuething with such manifold va- 
riety, such fleeting changes, such countless nuances, such wealth of 
combinations, such heights and depths of mood, ruch sweeps of passion, 
such vistas of imagination, that the bald submission of some electrical 
potentials recognizable in nerve-centres as correlative to all these may 
seem to the .special student of mind to be almost derisory. It is, further, 
more than mere lack of corresponding comiilexity which frustrate.^ the 
comparison The mental is not examinable as a form of energy. 
That in brief is the gup which parts psychiatry and physiolog}^ No 
mere running round the cycle of the ‘forms of energy’ takes us across 
that chasm ” 

This IS admittedly the sad truth, though the gap is perhaps less if 
we cU) not tr\' to jump across it Iwdore we have attempted to construct 
a bridge. We have already noted that both the physiologist and psy- 
chiatrist are essentially dealing with the same material. The physiol- 
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oRist may unravel the merliumsin of nerve conduction, but he does so 
in order to explain certain manifestations of “pain,” or he may recH)rd 
electrieallv the changes in tension in a bkeh*tal muscle, but thereby 
hopes to analyz(‘ the component parts of “voluntary” movement 
“Pain” and “voluntary” movement are likewise the problems of the 
psychiatrist. Fundamentally, I suppose the pliysiologisi asks the 
“how” and the psychiatrist the “why ” But these (]uestions are not so 
(‘asily separable, and tin* ])alhs of the jihysiologist and of the jisycliia 
trist must inevitably cn^s^ 

There is, to be sure, a dift'eience, not so great })erhaps as one would 
first suppose, in the methods of physiology and psychiatry The j)sy« 
chiatrist is concerned more wuth the reactions of the organism as a 
whole The physiologist’s approach to the same ])robleni is to reduce 
the factors of variability to the minimum, to study tlH‘ functions oi tlu* 
whol(‘ in terms of its separate parts The very nature ot the (Wperi- 
mental setup is artificial So indeed it must be admitted is the jisy- 
chiatrn* apjiroach, for the mere presence of the ])sy(‘hiatrist is a factor 
Miperiinposed on the tirevious environment Physicians are not awart* 
of this as acutely as they might la Likewuse the experimental setup 
of the physiologist is by lui means exact The very presumption of 
lite demands, as W'e have seen, a Huctuating ba'^' line Irom w'hich the 
(‘xperimeni starts If these fluctuations are small in comparison to tlu* 
artificial responses produc(*d in the experinuuit, as they are in skeletal 
muscle, then the relation of the experimental observations to the jiar- 
ticular stimulus can be more readily deduced. If, however, as in 
smooth muscle, the experimentally produceil responses are siipei im- 
posed upon a widely fluctuating base line, interjiretation is consider- 
ably more difticult, and the physiologist’s setup is closer to that of the 
psychiatrist. 

I take it that it is my jiarticular function at this meeting to indicate 
how^ the structural pattern of the nervous system and its activities, as 
studied by the physlologii.t, are oriented tow^ard variability of response 
And let me say at once that this indeed is the basis of the physiological 
approach. The concept of rigid constants is an erroneous one, which 
finds no support in any physiological worlc. 

Let me liegin wdth the unit of the nervous system — the neuron as it 
has been called — w'hich consists, as you are well aware, ot the ncr 'C 
cell-body together with all its jirocesses, both dendritic and axonal 
That it is a structural unit can be demonstrated by the death of all 
its parts wdiich follows destruction of the cell-body, its so-called 
“trophic center ” Such units are linked together in the central nervous 
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system in a highly complicated pattern by junctions called synapses, 
at which, as Cajal tells us, there is “contact without morphological 
continuity/’ 

Such interfaces are in reality multiple points of contact, the branch- 
ing axon and its many collaterals terminating as end-knobs or “bou- 
tons,” 2-5 |U in size, applied to the surface both of the dendrites and 
of the cell-bodies of other neurons It is estimated that several hun- 
dreds of boutons make contact with one neuron, so that the total in- 
terface is very large. The physicochemical changes that occur at such 
interfaces account for alterations in activity in one neuron eonseciuent 
upon the changing activity in an(»ther adjoining neuron, or as we say 
simply, for the conduction ot the nerve impulse Conduction “across” 
the synapse is believed to take place only in one direetion Threshold 
stimulation of the neuron takes place, as Lorente de No has expressed 
It, wlienevi'r all, or, at least, the majority ol knobs at a discrete zone of 
the neuron are activated simultaneously, or within a very short mter- 
v^al of time. 

The processes of certain of the neurons within the central nervous 
system stretcli out to the periphery, on the one hand to “receptors” or 
sense-endings, on the other to “effectors,” the muscles and glands On 
the motor si<le, it has been shown for the cat that a single motor nerve 
fiber, by extensive peripheral branching, innervates as many as 150 
skeletal muscle cells The innervation ratio varies, so w’e have small 
and larger motor units, designed presumably for discrete and more 
iliffuse res])onses, resjiectively On the semsory sidi*, the peripherally 
running processes of neurons terminate m a variety of lorms The 
threshold of response to <iift'erent modes of stimulation \aries m the 
different niorphologieal types of sensory nerve ending, and specific 
mi)dalitii‘s of body sensation havt* been assigned to each, sometimes on 
rather iiKMunplete evidence. As i»n the motor side, each sensory nerve 
fiber show^s extensive branching m the periphery and its total area of 
supply may be considerable In the cornea, lor example. Tower esti- 
mates that a single sensory fiber may innervate an area of several mm 
diameter. Furthermore, the areas of such individual “sensory units” 
overlap, one with another, so that stimulation at any one point may 
jiroducc activity in several nerve fibers Neural activity from a single 
stimulus is therefore probalily aiwa\\> spatially multiple from its in- 
ception. 

The physiol(»gical unit of the nervous system is generally consid- 
ered to lie the reflex. Thomas Willis, who introduced the term, and 
later Uoln^rt Whytt, usimI it to imply an act where stimulus is promptly 
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followed by niuvenieiit without conscious participation of the “will.” 
It IS true that many rcllex acts can be elicited uniformly in a spinal ani- 
mal, but diflfercnccs in the timing; or intensity of the stimulus can alter 
the response, and the reflex act is by no means regular (|uantitatively. 
Furthermore, a reflex mt>vi‘ment operated from one peripheral stimulus 
can be modified by a second stimulus applied at a different place, as is 
shown in the well-known inhibition of the crt)sscd extensor reflex 

In the intact animal not deprived of higher neural centers, the vari- 
ability of reflex response becomes more marked It is familiar to all 
of us that a “sluggish” knee jerk can be reinforced by the patient vol- 
untarily gripping his hand.s at each tap of the ])atellar tendon, ami 
that in the so-called “nervous” individual the stretch reflexes from ten- 
dons lM‘come hyperexcitable. 

The term reflex has been extended by Pavlov and his school to in- 
clude “conditioned” ridlexes developed through haliit ioriiiation, so 
that the jinrticipation of the cortex becomes an integral part of ndlex 
action m this sense I will lea\e the discussion ot the conditiomal 
reflex to abler hands, and merely indicat(‘ hi're that the unconditioned 
reflex is also dependent upon ant<‘cedent neural activity, although the 
time interval is of a very much shorter duration 

Let us consider tor a moment the structure 1 tin* sjnnal reflex arc 
Some of the afterent neurons entering the spinal cord foim synaptic 
connections directly with the motor horn cells Irom which issue the 
axons to th(‘ muscles theinseUes More ott(‘n, at least one interneuron 
is ])laced in the pathway b(‘tween the afferent and elfenuit limbs of the 
arc This is the simjilest concept of the reflex, and it may be ipso- 
lateral or contralateral. It does not. howe\er, ripresent in any way 
the existing pathways o|)en to an entering afl'ereiit volley of impulses. 
Fach afi'ereiit fiber divides on entering the ilorsal part of the cord into 
ascending and descending branches, each of which sends off several 
collaterals. The secondary neurons which are brought into synaptic 
relationship with it are many, and lie at various levels above and be- 
low' the point of entry of the i>rimary neuron Tin* arrangement allow's 
for “dispersal” of the f*fTect of the impulse within the central nervous 
system. Tlu* axons of the secondary neurons also give off collaterals, 
so that in turn each secondary neuron comes into synaptic relationship 
with more than one tertiary m*uron, allowing for still greater disper^.J, 
or in some instances “convergence” of the effect of the imjiulse. 

A newer concept of activity wdthin the interneuronal pool has l>een 
developed through the researclies of Forbes, LorenU* de No and others 
It now seems ])robable that Uitli “ilelayed” and closed self-reexciting 
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site side of the cord and brain stem as far as the thalamus, and from 
thence to the postcentral cortex. Such diagrammatic representation 
can be found in almost every textbook of neurology. I do not wish 
to imply any lack of significance of the certain well-defined tracts 
which pass up and down the cord and brain stem, but the necessary 
emphasis on these have, I think, obscured the true morphological pat- 
tern of the internuncial neurons. This oversimplification of pathways, 
and perhaps an unfortunate emphasis on the term “center,” have made 
it difficult rather than easier for physicians to understand many symp- 
toms with which they are constantly confronted, and which seem biz- 
arre and hence “imaginary,” solely because of too-restricted concept 
of the structure and function of the nervous system. 

The long conduction pathways are obviously of utmost importance 
in the mechanisriis of sensation and probably act as the principal chan- 
nels of conduction for more immediate responses. But, if we look 
back to the multiple points of termination of each entering afferent 
fiber and the collateral branching ot the secondary neurons, what mul- 
tiplicity of paths are open to each excitatory process! And, if closetl 
self-reexciting circuits are present, the patterns of excitation reaching 
the cortex from a single afferent stimulus must be sjiatially and tem- 
porally very different from the single nerve impulse which may have 
originated them. Indeed, we come to wonder how stimulation of the 
body surface is so accurately localized. Such spatial localization of 
sensation is, of course, in the nature of a conditioned response, depen- 
dent upon previous experience. 

When we turn to mechanisms of autonomic regulation, variability 
of response becomes the rule. Let me just emphasize one or two 
points. The same branching of the axon is found in the preganglionic 
fiber so that it connects with many postganglionic fibers. The basis 
for a wide and diffuse response is obvious. Secondly, sympathetic 
fibers probably reach every part of the body, traveling along blood 
vessels, but the parasympathetic distribution is more restricted, so that 
not all structures are innervated from both divisions of the autonomic 
balance. Where lioth are present, a reflex response in a tissue (smooth 
muscle or gland) may be due to loading the scale on one side or dimin- 
ishing the weight on the other, and it is not always easy to distinguish. 
And, even when all extrinsic nerve supply is removed, smooth muscle 
retains rhythmic tone. S^me of this is due to hormonal influences. 
Adr|naline, when liberated in quantity, can reproduce with minor med- 
ications ttie physiological picture of diffuse sympathetic activity. 
But evDt^!ia(ter complete sympathectomy, where the adrenals are vir- 
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tually inactivated by denervation, the cat can maintain ita lH)dy tem- 
perature and blood pressure in the protected existence that a labora- 
tory offers, though it fails to do so when exposed to situations of undue 
stress requiring rapid adjustments. Thus the organism can call upon 
one of several mechanisms to bring about the identical response. 

On the other side of this picture of variability in aubmomic regula- 
tion, we find that the same responses may be brought alxnil by two en- 
tirely different stimuli. Consider the reaction of a warm-blooded ani- 
mal on exposure to cold. The processes of heat production can be 
stepped up, and those of heat loss proportionately diminished. In- 
crease in the activity of skeletal muscle is by far the most important 
method of heat production in rapid adjustments. The earliest re- 
sponse to cold is an increase in muscular tone (so-called “tensing’’ of 
the muscles) and continued ex'posure to cold leads to shivering Heat 
loss is diminished by decreasing the rate of blood flow through cutane- 
ous vessels, which can be brought about by increasing the tonic con- 
strictor control of arterioles. These vasomotor ri'sponscs to changes 
in environmental temperature are greatest in the extremities and par- 
ticularly in the digits of the hands and feet The extreme is seen in 
the dead-white fingers of a Raynaud spasm. 

Shivering and vasoconstriction are two of the main reactions of a 
warm-blooded animal to a fall in environmental temperature But 
exactly the same response can be brought about by emotional stress, 
and often in the same individual. A young girl, who was subject to 
typical Raynaud attacks whenever her hands were exposed to cold, was 
lying in bed in the hospital ward in a warm environment. On the 
entry of the surgeon into the ward, the finger.'^ of both her hands went 
dead white, the muscles in her limbs liecame tense, and she began to 
tremble, which is surely the same as shivering, a series of synchronous 
contractions in groups of muscle fibers, repeated out of phase with 
those of other groups. This patient showed another interesting fea- 
ture. She gave a history of major epileptic seizures which were always 
brought on by some situation of conflict in her home and which were 
preceded by a typical Raynaud attack. In the course of our investiga- 
tion we used the intravenous adrenaline test devised by Freeman, 
Smithwick, and White. Normal saline was run into the median basilic 
vein at the rate of 40 to 60 drops per minute. After half an liour, an 
adrenaline solution of 1 to 250,000 saline was substituted, the patient 
being unaware of the change. Within 5 to 10 minutes, a typical 
Raynaud attack was precipitated, unknown to the patient, w'ho was 
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arranged so that she could not see her hands. And then, within a 
minute or so, she had a genuine grand mal seizure. 

1 mention this case to illustrate how similar responses may follow 
different kinds of stimulation. Increased skeletal muscle activity to- 
gether with vasoconstriction formed a recognizable pattern of response 
to: (1) stimulation of somatic afferent fibers by the application of 
cold; (2j a situation of “conflict,” with consequent emotional stress; 
and (3) an intravenous injection of adrenaline. 

Notice that the responses were evident in both somatic and auto- 
nomic spheres. Indeed it is questionable in my mind whether there is 
ever a purely somatic or a purely visceral reflex. I want to use one 
other clinical illustration, which shows this interrelationship in an even 
more striking manner, and which, incidentally, was the first problem 
that called my attention to the importance of the psychosomatic aspect 
of medicine. It will, I think, be pertinent to the more immediate dis- 
cussion of this conference. 

During the Civil War, a special study was made of peripheral nerve 
injuries. Out of this emerged the recognition, by Weir Mitchell, of 
the syndrome to which he gave the name “causalgia,” meaning “burn- 
ing pain,” which is the characteristic feature of the condition. The 
problem arose acutely in the Boer War and again in the first World 
War. The syndrome in its classical form is fortunately rare in civil 
life, but closely allied conditions have been described by Leriche under 
the heading “spreading neuralgia,” by Homans as “minor causalgia,” 
and by Livingston under “post-traumatic pain syndrome,” and ex- 
amples are relatively common. 

The typical syndrome appears particularly as a sequel of gunshot 
wounds, often of an apparently trivial nature, where some superficial 
nerve or blood-vessel is involved. Local inflammation with subsequent 
scarring has frequently preceded the onset of pain. The pain has a 
burning quality and is persistent, with superimposed paroxysmal ex- 
acerbations, during which times it becomes unbearable, and may lead 
to suicide. The pain, at first, may be distributed within the territory 
of a particular nerve, but later spreads beyond this confine, and its dis- 
tribution follows no known anatomical distribution of somatic afferent 
fibers. It is associated with extreme hyperaesthesia, sometimes lo- 
cated to special “trigger points.” With the persistence of pain, there 
appears vasomotor, sudomotor and trophic changes. The skin, over 
an ^creasing area, becomes dry and glossy, bright red in appear- 
ance, with aometimes a rise of several degrees in surface temperature. 
In later^iges, finger tips become tapered and atrophic, and intractable 
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ulcerations may appear. The nails become brittle, tlie finger joints 
stiff and swollen, and the limb is held rigidly by reflex spasm in skeletal 
muscles. 

If untreated, the syndrone persists and tends to develop momentum, 
leading to intense suffering and finally to a complete breakdown of 
the psychic stability of the patient. The progressive nature of the 
condition can be realized best by the vivid clinical picture given by 
Weir Mitchell: 

“The great mass of sufferers described this pain as superficial, but 
others said it was also in the joints and deep in the palm. If it lasted 
long, it was finally referred to the skin alone. 

“Its intensity varies from the most trivial burning to a state of tor- 
ture, which can hardly be credited, but which reacts on the whole econ- 
omy, until the general health is seriously affected. The part itself is 
not alone subject to an intense burning sensation, but becomes exquis- 
itely hyperaesthetic, so that a touch or a tap of the finger increases 
the pain. Exposure to the air is avoided by the patient with a care 
which seems absurd, and most of the bad cases keep the hand con- 
stantly wet, finding relief in the moisture rather than in the coolness 
of the application. Two of these sufferers carried a bottle of water 
and a sponge, and never permitted the part to become dry for a mo- 
ment. As the pain increases the general sympathy becomes more 
marked. The temper changes and grows irritable, the face becomes 
anxious, and has a look of weariness and suffering. The sleep is rest- 
less, and the constitutional condition, reacting on the wounded limb, 
exasperates the hyperaesthetic state, so that the rattling of a news- 
paper, a breath of air, the step of another across the ward, the vibra- 
tions caused by a military band, or the shock of thi feet in walking, 
give rise to increase of pain. At last, the patient grows hysterical, if 
we may use the only term which describes the facts. He walks care- 
fully, carries the limb with the sound hand, is tremulous, nervous, and 
has all kinds of expedients for lessening his pain. In two cases, at 
least, the skin of the entire body became hyperaesthetic when dry, and 
the men found some ease from pouring water into their Ixiots. They 
said when questioned, that it made walking hurt less; but how, or why, 
unless by diminishing ^^brations, we cannot explain. One of these men 
went so far as to wet the sound hand when he was obliged to touch the 
other, and insisted that the observer should also w'et his hand before 
touching him, complaining that dry touch always exasperated his 
pain." 

There can be little question that the psychological make-up of the 
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individual and specific situations of conflict must play important roles 
in the pathogenesis of causalgia. A full psychiatric study of such in- 
dividuals has curiously never been undertaken. The patients are said 
to possess the kind of “temperament” that predisposes toward psycho- 
neurosis, yet it has been repeatedly emphasized that, before injury, 
they have usually shown no emotional instability whatever. Lerichc 
describes one soldier as “gay and full of courage” when he arrived in 
hospital, who subsequently became “the most unbearable individual 
by reason of his intense suffering.” The immediate return to psychic 
stability when the pain is relieved, even temporarily, has also been 
commented upon. 

Perhaps the most striking feature of the story is the dramatic and 
lasting relief of pain which, at least in minor causalgia, may follow 
large infiltrations with novocaine locally, particularly of the “trigger 
points.” This observation has been made independently in several 
clinics throughout the world. The psychic implications of such a 
method of treatment cannot be lost sight of, but it is a fact that many 
of these patients have had no idea that the infiltration would give them 
any relief, and have submitted to it as a matter of routine examina- 
tion. The relief of pain has come as a surprise to them. Following 
the novocaine infiltration, the vasomotor disturbances and reflex spasm 
of skeletal muscle may disappear almost instantaneously. These are 
changes which can be recorded objectively. 

The role in etiology of a focal point of irritation at the periphery is 
obvious. Livingston* has elaborated the view that such a focus sets 
up a constant bombardment of spinal centers, resulting in reflex vaso- 
motor and skeletal muscle changes, w’hich, in turn, may reactivate the 
peripheral irritative focus, and thereby set up a vicious circle. The 
consequent interneuronal activity within delayed and possibly rever- 
berating (self-reexciting) paths establishes a rhythm which is main- 
tained by excitation, both from the periphery and from “higher cen- 
ters,” giving rise by summation to lowered synaptic resistance and 
thereby to ever-widening reflexes and to continual spread of the pain. 

This is only one rather vivid example of the psychosomatic factor 
which plays a role in all disease processes. Functional disturbances 
can U^d to irreversible structural change. Such functional disturb- 
anoet are frequently only the exaggerations of the “normal” fluctua- 
tiQpa dbcurring in physiological mechanisms. It behooves us therefore 
closer attention to these “normal” fluctuations and to study 

MaraiHUB. N«w York. IMS. 
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them under varying degrees of emotional stress Today this is a mat- 
ter of national urgency. 

“The question of the relation between the Wf^rking of the brain and 
the working of the mind,” writes Sherrington, “is, we hear often, one 
improper to put ” But he continues, “only njtei the question has Ihtii 
discussed, can they (the psychiatrist and tJie physiologist) go on their 
respective ways, as perforce thej' ultimately must, disappointed it may 
be, but wiser, if sadder, practitioners and men ” 


DISCUSSION OF THE PAPER 

Prof. C. W. Hampel (College of Medicine, New York Universtty, New York, N. Y )' 

I>i Shoolwin has gnrn a (loaf pictiiic of thr arrangement of tlu fniu'tional 
units of tho norvous loi dispersal of iieixous mtiuenres, and ha« pointed 

out that tills anangeiiient permits a \aiiability in the rohponse 'Die extent to 
whieh the lesjionse mav varv under appniently identieal rxpetimontal (‘onditiona 
e not al\%avs fully realized 

Appreciation of this arrangement helps us to iindemtand why the opposing 
fonts which update to attain oi maintain an equilibrium do not always ait willi 
equal direct nebs An example of this principle is to be found in the inhibition of 
the ciossed ( xtensor leflex The extensor muscles, thiown into contraction by con- 
tialateral stimulation, are made to relax immediately by the inhibiting influence 
of ijisolateral stimulation in spite of the continuance of the excitatoiw’ contralat- 
eral stimulation Relaxation can of course be bi ought about also b\ c(‘HHUtion of 
the contralateial stimulation The effect, howe\ei, is noi immishate but is char- 
act cured bv an after-dihchaige The maintenance of postural conti act ions ma> 
be looked upon as the resultant of opposing forces which act with unequal direct- 
ness on the motoi units 

In lesponses involving the autonomic nenous system, the same sort of phenom- 
enon mav be observed As th< blood sugar level of a cat is blow’ly lowered 
through the action of insulin, a point is reached at which the svmpathfi-adn nal 
mechanism is culled into play The diffuM* natun of the sjunpathetic discharge is 
clearly evident in the pupillary responw'. heart late, and othei familiar bigna 
The effect of the adrenin on the blood sugar is m rapid one, and, if the glv cogen 
stores of the body are ample, may in a few minutes restore the blood Migar to a 
level that will require tlie continued action of insulin for an hour oi more to de- 
press it to the critical le\el again 

The influence of previous experience upon the subsequint responses of the or- 
ganism may be seen in studicb of the mechani.sms that opeiatc t(j maintain a 
steady state in the in\'niial environment Examples attesting the importance of 
training on the eflicicncy of homeostatic mechanisms are numerous The conva- 
lesi'ent, impatient to be about after a long illn<*as, finds that his vasomotor system 
requires a period of re-education before he can assume the eieiM posture oi 
maintain it for any length of time It is apparent, moreover, that this training 
need not necessarily be specific Schneider has found that a man’s “ceiling”- hia 
ability to withstand lowered oxygen tension— was definitely related to the state of 
physical fitness as meabured by the efficiency of his cardiovascular rcsjionses to 
exercise In this instance, a high degree of physical fitnesh maintained by con- 
trolled activity and rest on the ground could prepare a man for activity at high 
altitudes The effect of a fierson’s previous experience or training on his ability 
to perform m another field of endeavor is not a new oliservation, but we are just 
beginning to appreciate the basic physiological principles involved in the responses 
of homeostatic mechanisms to extreme changes in the environment 
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Dr. Bela Mittelmann {Cornell Univerniy Medical College^ New Yorkt N, Y.): 

It 18 customary to group psychoHomatic disordors according to the respective 
organs tnat are senoutiy disturbed in their function. Thus it is customary to 
speak of gaHtruintestinal disorders such as ulcer or colitis, of asthma, hypertension, 
urticaria and migraine. The record.ng of various physiological tunctions in pa-. 
ti(*nts suffering from these various disorders, however, shows that besides the 
mainly affected organ, other functions change also dunng emotional stress. Thus 
in patients with peptic ulcer the Anger temperature and the pulse rate change 
during conflict, anger and anxiety, hor this reason it is more correct to say that 
physiologically patients react with an extensive range of physiological functions 
during emotional stress ; of this extensive range in various patients, one or another 
18 predominantly disturbed during stress. This formulation is in harmony with 
Dr. Sheehan’s emphasis on broad approach to the neurophysiological patterns, in 
place of thinking of them m unicellular terms. 

What 1 have said about the physiological aspect applies to the psychopatholog- 
iral side also. It is customary to say that certain psychosomatic disorders occur 
in individuals with a specific type of personality structure. Thus, migraine occurs 
m perfectionist 1C individuals, hypertension in individuals with strong hostility, 
asthma in dependent mdividuals. Similarly, we found in our investigation that 
])eptic ulcer occurred mainly in perfectionistic, hard driving, ambitious indivi- 
duals. 1 would like to accent the word mainly. We have found peptic ulcer to 
occur in dependent individuals also and m individuals who in the conduct of their 
lives were the reverse of ambition and perfectionism, one of our subjects having 
been a professional beggar. A consideration of the special conflict situations dur- 
ing which the symptoms be<’onie most acute ^ives similar results. Ulcer patients 
most commonly broke down with symptoms if they failed in their ideals of per- 
fectionism and independence, and thus their anger, anxiety and ^ilt were aroused. 
This too, however, was not universal, and we have found individuals whose symp- 
toms occurred when they were frustrated in their dependency longings to which 
thev openly and defiantly confessed. Thus we can say that the individual reacts 
witri a variety of personality and emotional patterns; to given situations of this 
variety, certain personality features and conflict patterns predominate in charac- 
t(>ristic psychosomatic disorders. 

This IS not surprising if wo realize that certain types of attitudes are present in 
nearly every normal and pathological psychological reaction. A measure of need- 
ing support from other human beings, a measure of ambition, need for self-esteem 
and anxiety in certain situations is present in every person and fear of rejection, 
hostility, guilt, disturbance of significant organ functions is present in every psy- 
chopatholugical stati* from schizophrenia to anxiety hysteria. This dot's not mean 
that the mentioned disturbances are identical but they invariably have common 
features as well as predominantly eprcific features, with considerable latitude and 
variety in patterning. 

These principles were dramatically ilhistrated by a jiatient with Raynaud’s sjm- 
drorae on whom we conducted extensive eimeriments. She had characteristic 
attacks of pain and cyanosis of the fingers. These attacks started while she was 

§ regnant, when her second husband began to mistreat her as the first one did. 

he became hostile, anxious and sexuallv frigid. Thus slie presented a personality 
and a conflict pattern characteristic of the symptom of cold extremities; a de- 
pendent individual with conflict over hostile and sexual impulses with anxiety 
and guilt. This patient underwent a bilateral cervicodorsal 93rmpathectomy 
which reUeved her symptom However, a year later she returned to the hospital 
suffering from peptic ulcer. 

I may add that it is of considerable practical significance to realize that in all 
disorders we are dealing both with ^neral and specific problems of pathophysiol- 
ogy ami iwychopatfaology. In the New York Hospital we have been engaged in 
ieiNiy|apmtiit in the attempt to determine the presence or susceptibility to gaa- 
troiMBltinal disturbances during emotional stress in military life. We first 
s^URliMl by concentrating on the personality features, conflict patterns and the 
Mlptoaic considered specific for these disorders. Soon, however, we found that 
we mimed too many indtviduals. Our results became much more reliable when 
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we developed methods to essay most of the individuals' significant reactions as 
regards psychopathology and pathophysiology in general, iMth special emphasis 
on whatever psychosomatic disorder we were interested in I may summarise by 
saying that in all psychosomatic disturbances there are general and special prob- 
lems of psychopathology and palhophysiology with a considerable latitude of pat- 
terning 'The best results in quick sekction of patients is obtained if a survey of 
all significant psychological and phvsiological disturbances is comlnned with that 
of the specific features 




DISTURBANCES OF GASTROINTESTINAL 
FUNCTION IN RELATION TO 
PERSONALITY DISORDERS* 


By Harold G. Wolff 

Cornell University Medteal College, ^ ew York, N, Y. 

Previous studies on normal subjects and patients with peptic ulcers 
have shown that day-to-day life situations that provoked certain pat- 
terns of emotional reaction induced hypersecretion in the stomach com- 
parable to that resulting from prolonged absorption of histamine, vagus 
stimulation and sham feeding. During periods of experimentally in- 
duced anxiety, hostility and resentment, we have found a rise in acidity 
and increased contractions in the stomachs of all the patients suffering 
from ulcer and in many normal subjects Moreover, it has been pos- 
sible to reverse this process and cause a decrease in acidity and motil- 
ity by inducing in these patients feelings of contentment and well- 
being In these patients, a history of prolonged emotional turmoil in- 
volving mainly conflict, anxiety, guilt, hostility and resentment has 
been found 

A man, aged 57, who has fed himself since t‘ age of 9 through a 
surgically produced permanent gastric fistula, is the subject of this 
report It is his custom to put food into his mouth and, after tasting 
and chewing it, to expectorate it into an ordinary kitclum funnel in- 
serted into his stoma. 

Various measures of gastric function were used Color changes in 
the gastric mucosa were compared to a standard color scale. Output 
of acid by the parietal cells was estimated Records of stomach con- 
tractions were somc'times made. Estimates of the subject’s emotional 
state were recorded, not only during the experiments but also at sep- 
arate daily interviews, and these w’cre classified according to the domi- 
nant elements. The emotional reactions were then correlated with the 
changes in gastric function. 

While acid was continuously elaborated in the subject under basal 
conditions, and spontaneous transitory acceleration occurred, undue 
and prolonged acceleration of acid secretion in the stomach, however 
provoked, resulted in hyperemia and engorgement of the mucous mem- 
brane resembling hypertrophic gastritis. 

•The mftterial of thii paper has beenpubliahed as foUowi* Emotions and gaa^troduodenal function. 
MittnlniMiD, Bnla, it Wow. Harold CT., Ps^hosomatic Medicine. 4, 194«; Evidenc^n the 
«!• of peptic ulcer in man. WoU. Btowart^ Wolff, H. O..Jour Am. Med. Aaioc . 110, 104€. Hu- 
man raatric function. Wolf, Stowait, H WoUf. B. O., Oxford University Prem, 104S. 

( 567 ) 
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In the spontaneous transitory phases of accelerated secretion, blush- 
ing of the mucus membrane and vigorous contraction of the stomach 
wall were observed, but such emotions as fear and sadness were accom- 
panied by pallor of the mucosa, and inhibition of contractions and acid 
secretion. 

Accelerated acid secretion, hypermotility, hyperemia and engorge- 
ment of the gastric mucosa accompanied emotions of anxiety, hostility 
and resentment. 

Sustained anxiety, hostility and resentment were accompanied by 
severe and prolonged engorgement, hypermotility and hypersecretion 
In this state, the mucosa were unusually susceptible to injury, and the 
pain threshold was lowered, so that otherwise painless contractions, 
acid concentrations and mechanical stimuli became painful. 

The mucosa were ordinarily protected from injury by an effective 
coating of mucus, but when this was lost even minor traumata caused 
oedema, inflammatory changes, erosions and hemorrhages. 

Further hyperaemia and acceleration of acid secretion was induced 
by contact of acid gastric juice with a denuded surface, and such pro- 
longed contact resulted in the formation of a peptic ulcer. 

Apparently the natural history of peptic ulcer in human beings in- 
volves a chain of events beginning with anxiety and conflict and the 
associated overactivity of the stomach and ending with hemorrhage 
or perforation. 



THE RORSCHACH METHOD IN THE STUDY OF 
PERSONALITY 


By M. R. Habrower-Ekickison 

I ntvcrsliy of Wisconmn, .}fadiMon, Wiscottstn 


Although 1 have spent perliaps the best part of niy waking life 
(luring the past iivv years mulling over some problem connected with 
the Rorschach method, I still remember keenly my first rcactit>n to the 
test It was one of incredulity and disbelief. Just as Naaman, the 
king in the Old Testament story, refused to belit|ve that anything as 
simple as bathing in the River of Jordan could cure him of his disease, 
so I refused to believe that the task J had been set, to look at ink blots, 
Ci)ul(l jirovide the examiner with far-reaching information about jier- 
sonality in general, and my own in particular! And when this exam- 
iner, a friend of many years, looking over my responses, remarked: 
“Ah! How little I knew you” — this seemed to add insult to injury. 

Any of you who are hearing about the Rorschach method for the 
first time are entitled, therefore, to just such a reaction of incredulity! 
On the other hand, those of you who are well infotmed as to the intrica- 
cies that he behind the simple facade of the test, who are experts in 
your own right, must bear with me while I make the necessary intro- 
ductions. 

In 1921, Hermann Rorschach,^ a Swiss psychiatrist pointed out 
that if you showed people a series of ink-blot pictures (like the 10 he 
had devised after many years experimenting) you would find that they 
all saw^ in these meaningless blotches a multitude of diverse objects — 
the blots, or parts of the blots would “look like” things to them 
Your learned acadeniK* friends, the old janitor, the patients in the State 
Hospital, all w'ould have meaningful experiences when looking at these 
calculatedly meaningless blotches. Moreover, Rorschach explained, this 
meaning, mental organization or sense which was given by the indi- 
vidual to the non-sense, w as never the result of chance but was directly 
related to his ways of acting, his patterns of behavior, his personality. 

The Rorschach test, therefore, consists in the subject describing to 
the examiner w hat he sees in the blots and the examiner WTiting down 
these responses, the finished product being the Rorschach record. 

Unlike previous investigators w*ho have w^orked wdth ink blots, and 

I ftortchacb, H. pRychodiainioatik. Ift ed. Krnvt Bircber, Bern. IMl. 
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who have stressed the importance of the association in the content of 
the responses, or who were concerned with the what w^as seen, Ror- 
schach focused attention on two other aspects: on the where in the blot 
the perceptual object w'as seen, and, secondly, on what perceptual qual- 
ity had been decisive in evoking the response; that is, w^as the indi- 
vidual swayed, let us say, by the similarity of form, color, or apparent 
texture of the blot to the object that he had in mind. 

Let us make this important but somewhat abstract distinction more 
concrete, and at the same time give you the first-hand experience of 
“seeing things” in the blots. In figure 1 we have an uncolored repro- 
duction of card VIII in Rorschach’s ink-blot series. As you look at 
it w'hat does it suggest to your mind? 

Rorschach would' be concerned not only with finding out what 
the blot appears like* to you, but vdiere your experiences lie. Do they 
involve the w’hole blot? Ck)uld it be a coat of arms? Do the 
side areas suggest an animal perhaps? Is this an animal because it 
has the shape, say, of a bear or beaver, or because of the incipient 
feeling of movement in the outstretched front i)aws, or because it has 
some kind of furry texture that can be seen, and so on. Or does the 
area in the center resemble two flags? 

Impressed by these varied facets of any one answer, and in order 
to make an analysis of each response objective and accurate, Rorschach 
developed a method of describing or scoring the ingredients of each 
perceptual experience. This, while it sometimes appears to the out- 
shier as unnecessarily technical and esoteric, has actually been the 
step which has made objective and uniform studies possible. When 
we speak of a Rorschach record ivhich has been analyzed, therefore, 
we mean that the listed responses have been translated into the sym- 
bols that describe their perceptual components, which, in turn (when 
the various totals, ratios, and calculations have been determined), en- 
able us to gauge the presence or absence, strength or weakness of the 
more general psychological ingredients that, interestingly and strangely 
enough, are their counteri)arts. 

What are some of these more general traits or ingredients of person- 
ality? They include the individual’s self-control, the rapport or posi- 
tive emotional relationship that he has achieved with his fellow men, 
his liner {>oise or stability, his anxieties, the strength of his more 
priuili^tiye drives and emotions, the integration or lack of integration of 
the perftonality as a whole. 

One w^ay to describe the type of information which the test gives us 
is to liken it to a mental X-ray picture in that the psychological skele- 
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ton is laid bare and concealed weaknesses or broken psychological 
bones are demonstrated. I prefer a somewhat inon» dynamic analogy, 
however, as, for example, that we are looking at the dials or indicators 
of some big power house. On such dials are recorded the relative 
strengths of various drives, needs, impulses, instincts — call them what 
you will— and also the resistance of the various controls ot disciplines 
that keep these energies in check. The sum total of these controlling 
mechanisms and energies may result, in some cases, in smooth -running 
function; in others the pressure may hurst the controls and cause an 
explosion; or again, there may be no pressure, both in pow'er houses 
and in individuals. 

With this last analogy in mind, let me now introduce to you the so- 
called psychogram (figure 2), a graphic device for epitomizing the 
scored Rorscliach record, first introduced in the Rorfichach Research 
Exchange and slightly modified in the figure to include the maximum 
information. Here, the individuals total number of responses are 
charted in terms of the scoring symbols of Rorschach of which I 
spoke, with additional components introduced by B. Klopfer, which are 
now employed by a large number of investigators.*^ That is, the 
responses are charted in terms of where they are seen in the blot, and 
in terms of the (jualities wdiich evoked them (see legend). It is also a 
good illustration of the jiower-house analogy, for here are the various 
psychological ingredients demonstrating their relative importance in 
the total psychological make-up. 

Hence, we now possess a tool that enables us to gauge an individual’s 
psychological dynamics. Now the question is: Where can such a tool 
be used? 

From the wide choice of fields where the test is now employed, J 
have selected two for discussion: its use as an aid in clinical diagnosis 
on the one hand, and examples of its use in large-scale investigations 
of various kinds wdiere some type of screening or selecting is aimed 
at on the other hand, these large-scale investigations having become 
possible in the last year or so through the develojiment of the group 
Rorschach. 

The use of the test clinically of necessity requires the‘ assumption 
that the psychic and somatic conditions of the patient are interdepen- 
dent. To make a diagnosis or a prognosis of the patient’s condition 
on the basis of psychological characteristics would be nonsensical H 
the relation of psyche and soma were an arbitraiy one. 

Xlo|>t«r, B., B X«U«7, D. M. *'Th« Roracbach Techoique.” The World Book Co. Yonkert. 
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Fiouw Z Ihw figure* rppreopiitA two puvrhogtainH of “nuiiiial ’ individuah E D is tho monj 
of a NUporior noiinat ip an individual with a collpgp Pfiiuntion and a Hucrossful artiMtii (an*pr, 
Stv iM ihp rppord of a aludpiit luirsp |UHt out of high m<1um> 1 WhiU »K>th molds show goinl ad- 
jUMtniPnt in the dutiihution of tho rpsponAPs, that of E D , if wr tonsidor onl\ uunntitv, shows 
much greatpr piodurtivitv 

Thp foluiuiw dpiiotisl bv W. 1) tl dr and h ipfpi to the plaios m tlip blots in whuh tin n - 
apoiiMPfl Wf*ro lointad Foi pxaiuplp E I) has 11 leapoiispH in the W column this means that 11 of 
th« responspH involved the use of the whole blot 42 w-ponses were ui the D aieas (large details) 
4 in the white spares between the blots and so on In the lolumns M thnaigh to (' we havi th< 
Slime rpponses again molded but this time in tenns of the qualities whirh determined then t.el«*e- 
tion roi exaiiiple, Uie 7 FC’ responses in E D s record show that seven rhoiees were ba'i^ on a 
combination of the form of the blot and its color 1*011 discussions of the storing will be found 
m references 1 and 2 


One of the most striking examples of a specific Rorschach personal- 
ity pattern that is correlated with specific physical abnormality is the 
case of gross cerebral pathology, as tumor, widespread atrophy and 
scarring. In these cases, there is almost invariably a personality 
change clearly demonstrable by the Rorschach, even in those cases 
where neurological examination may be essentially negative, and 
wherf intelligence, as measured by the regular intelligence tests, is 
superior. 

You will maember the appearance of the normal individual’s psy- 
chogram, a^aeen in figure 2. This should be compared with the im- 
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poverished personality of the patient with some cerebral lesion as seen 
in FIGURES 3 and 4. 

I have had the opportunity to obtain more than 100 such records 
trom patients in which a cerebral lesion has been demonstrated at 
operation. In many cases, of course, no diagnostic problem existed, the 
clinical evidence and encephalogram being conclusive, but in others, 
surprising as it imiy seem, this personality change has been found 
where organic pathology may not have been 8U8})ected and where a 
real problem in differential diagnosis existed. In a recent attempt to 
introduce localizing evidence, it lias seemed to Dr. Theodore Erickson 
that just that particular constellation of no neurological signs, together 
with what might be described as a very “positive” Rorschach, was in- 
dicative of a frontal lobe lesion. 

Many interesting cases could be cited. An individual in one of the 
services, referred for psychological examination because of complaints 
that had seemed to be of a hysterical nature, showed a psychogram of 
the “organic” type The electroencephalogram demonstrated a large 


II I I 

W 0 d di S M FM m k K FK F Ft c C' F( (F ( 


II I I 

WOddrSMFMmkKFK FFctC' KtfC 


WDddfSMFMmkKFX FFccC' FCffC 
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WOddiSMFMmkItFK FFteC' FCCfC 
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W D d dr S M FM m k K FK F Ft t (' F( CF C 

11 III 
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d drS MFMmkKFX 
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FiuiTRfe, 3 pHV(’h«>iciaiiiM of tt )>utiffut« vtuli lextoiu*. TIip Kiimll output (iio 

iworrl haa inon* tlinii 8 n^poiuw^) and the imiloriuity of th«* i«H*or<l»» nliould be notired Othw 
characteruitic’r, not found in normal rec’oidB, are the ao-oalled F iiiinujs annweiK; that w, anawen* 
not in any wav justified bv the actual form of the blot. Theae aie lepieiiented m th* payehofraiii 
by the white aegmentx in the F column (See reference 3 for further detailn.) 
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Fiatras 4 Cases for differential diaicnosH lltK'utdH of two patients leferted for Horarhacli exam- 
mation witii the provisional diagnosis of frontal l<»l>e tuinoi The record on the light can be seen to 
be of the type demonstrated m riotiaE 8 This patient was found, at operation, to have a fiontal 
lobe lesion The other rerord shows a nuriiwl personality, and the final clinical diagnosis m this 
case was not that of cerebral tumor 


area of abnorinul wuvob, and a history of cerebral trauma, previously 
considered unimportant, was brought to light 

An interesting comparison sometimes occurs when two patients 
markedly euphoric are, at first, both considered clinically as suspects 
for frontal lobe tumor. The Rorschach record of the one, however, 
may show that the euphoric symptoms are related to the impoverished 
personality of the patient with some intercranial pathology® and may 
be seen as tlie vacuous attempts of the individual, handicapped by re- 
duced psychological eciuipment, to retain his place in the environment. 
The other record may show in the profusion of Rorschach responses, 
and its totally different psychogram, the runaway energies of the manic 
phase of psychosis. Such diagnoses will be confirmed at operation, in 
the one case, and by continued negative neurological findings and nega- 
tive encephalogram, in the second 

The converse of this type of diagnosis may be found, for example, 
in th^ patient with complete hemiplegia wht>se Rorschach record, how- 
ever/ does not indicate cerebral trauma, but does indicate an acute 
psyohUogioal disturbance. This takes us to another important con- 

* XaSIOVtt4ktekton. II. &. PwaoBglity ckaiifM accompAnying cerebral letioni. 1. Rortchach 
gtiMUai o| pMkntt with cerebral tumor*. Arch. Neurol. * Paychiat. 4M: MfHS90. 1940. 
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tribution of the Rorschach, the question of detecting cases where psy- 
chogenic factors are involved. 

One of the most frequent questions put to the Rorschach examiner 
by physicians in my experience is wdiether, from the personality pat- 
tern elicited, it would seem that psychological factors are contributing 
to, or causing physical symptoms. The patient may be hemiplegic, 
may have convulsions, ulcer symptoms, hypertension, headache and 
vomiting, backache, but somew^here the suspicion has been aroused 
that such symptoms arc not the whole story. The contribution of the 
Rorschach can be quite important. It is a quick way to direct the line 
of future investigation by the physician. If, for example, the person- 
ality is profoundly inadequate, maladjusted, unbalanced, the chances 
are high that this maladjustment plays some part, in the total psycho- 
somatic picture If, on the other hand, tlie patient demonstrates a well- 
balanced, rich, stable personality, such a finding would be an indica- 
tion that the root of the trouble may still be unearthed by physical 
(examination. These findings can never be 100 per (‘cnt certain, for, as 
W. D. Ross' has pointed out, the sociological or environmental factor 
must always be considered. For example, under undue stress from en- 
vironmental factors, the essentially stable personality may show signs 
of psychoneurosis clinically. 

Again, I must be content wdth a few' specific examples Figure 5 
shows the iisychograms of two patients with very similar symptoms — 
pain in the arm. In tlic patiimt whose record is shown in figure 5a, 
the Rorschach is evidence against an impoverished or maladjusted per- 
sonality being an iinjiortant factor, and, in this case, finally a binall neu- 
roma w^as found and removed at operation, leaving the patient quite free 
from pain. In the case of the patient whose record is shown in figure 
5b, the pain was found to be largely of psychogenic origin, involving the 
disinclination to return to a complicated home situation. 

Or, one could quote as an example another patient (a former nurse 
w'ho had cared for epileptic patients) with exquisitely focal seizures 
of four years’ duration. On the Rorschach, she demonstrated a pro- 
found psychological disturbance indicative of sexual trauma. Psy- 
chiatric examination revealed just 8uch»a traumatic experience: rape, 
shortly before the onset of the seizures. The convulsions ceased com- 
pletely following psychotherapy, and she has had none for over three 
years. 

I have recently compiled the Rorschach findings of 100 consecutive 

*Bom, W. D. The coatribution of the Rorschach oiethod to clioical diafootia. Jour. Mont. Sci. 
July. 1941. 
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Fiovke 8. CiuMw for differential diaffnoaie A, no pHVchonenic fnrtnra; B, hysterm. 


cases referred with this question of whether or not psychogenic factors 
can be said to be playing a part."’ Ortain Rorschach signs of mal- 
adjustment (which Mrs. F. R. Miale and I previously isolated in the 
records of patients considered as neurotic*’) have been looked for 
in the records of these 100 patients and in the records of 345 control 
subjects, i.e., unseleeted healthy individuals in various w'alks of life. 
When five or more of these nine signs or characteristics can be shown 
to be present in a record, we have a very strong suspicion that psycho- 
genic factors play a part. The “sign"’ approach is analogous to that 
introduced by Piotrowski as one way of evaluating the organic record. 

Another way of bringing out these results can be seen in figure 6. 

A group of patients who have been of special interest recently have 
been those with ulcer symptoms. Both Dr. Ross and I had the oppor- 
tunity at the Montreal Neurological Institute last year to examine 
soldiers invalided honre from England with ulcer symptoms. \\q both 
found that while no specific jiersonality pattern could be said to be 
corrf^ted with tlie symptoms, that incidence of the so-called neurotic 

signtf was high in these records. Moreover, w'e found that these signs 
— 

*VtfViWtr-BrloklOII, M. ft. Diagnostn of piychoirenir faclora in diseaM by meani of the Ror* 
achftcH method, l^ychiatrir Quarterly IT : 87-66. 1643. 

F* ft., ft ftnnewwr-ftrlokfon, M. ft. Pemnnahty atrueture in the payehoneiiroae*. 
Roroehaeh IRa — a ee h Rsehanie 4: 71-74. 1640 
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Table 1 


No. Classification 

**nniirr\Ti/» uitrno ' 


npurotic signs 

54 Neurotics 85 

20 Neurotics with somatic disturbances . 65 

26 Somatic disturbances only 15 

108 College students, male 5 

46 College students, female 11 

40 Nurses in training 5 

44 Aviation cadets 16 

20 Superior adults 0 

20 Superior adults 10 

"7i Convicts (I Q range 77-141) . 27 

1o Orderlies in R.C.A M.C. (C grade) . . . . “ 38 ~~ 

385 Controls 15 

74 Neurotics 80 


appeared equally frequently in patients who were finally diagnosed 
and discliarged as true ulcer cases, that is, in whom X-ray had re- 
vealed evidence of the ulcer, as in those wdio w'erc discharged as being 



Number of “Neurotic Signs” 


FioutE 6 PfTpmtagfi of neurotic casM found among records showing the \nrious numbers of 
signs Total number of records 459 

It should be noted that while only 2 per o«t of those in the group with o or I sign were 
neurotic, 100 per cent of those found in the group with 0 signs were neurotic patients. Another 
interestuig feature is the break between 4 and 9 signs, S9 per cent of those with 5 signs being diag- 
nosed as neurotic clinically while cmly 10 per cent oi those with 4 signs were so diagnosed. 
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^^psychologicar^ cases, i.e., those with no X-ray evidence. In view of 
the extremely interesting work recently reported by Dr. Wolff and Dr. 
Mittelmann, these findings perhaps have added significance. 

Anyone who has worked with the Rorschach clinically cannot fail 
to be impressed by its possibilities. It was an obvious step, therefore, 
in 1939, when Canada entered the war, for those of us at the Montreal 
Neurological Institute to direct our energies toward utilizing it in 
some way in the war effort. 

One of the obvious disadvantages to the widespread use of the 
method was the fact that, as it stood, it was too time-consuming a pro- 
cedure for administration to large numbers of persons either for screen- 
ing or selection. With the help of Miss M. Steiner, I therefore spent 
some time in an attempt to obviate this main difficulty. After sys- 
tematic experimentation we developed the so-called grovp Rorachach 
which, utilizing slides of the original cards and requiring the writing of 
the responses in specially prepared booklets, allowed several hundred 
persons to be examined simultaneously in one hour. 

It is not relevant now to go into the various ways in which we satis- 
fied ourselves and, finally, I think, the most skeptical Rorschach 
workers, that what wc derived from this method was, except for minor 
nuances, essentially the same as from the individual test. The results 
that I shall discuss next, howx'ver, will have been derived from the 
group Rorschach investigations in various fields, including personnel 
w’ork in colleges, screening in mental and penal institutions, and studies 
in vocational selection. 

The relation of the student’s personality to his success or failure 
in college is a challenging field. Dr. Ruth L. Munroe,^ a pioneer 
worker, has for the past few’ years given a Rorschach test to every 
member of the entering freshman class in Sarah LawTence (College, for 
the last tw^o years, using the group method. Her analysis of each indi- 
vidual student has been available in the event that detailed informa- 
tion was needed, but she has also grouped her students into several 
categories on the basis of their performance on the test, so that these 
can be compared, on the one hand, with the academic results at the end 
of the year, and, on the other hand, with the evidence of acute be- 
havior problems needing psychiatric advice. 

Ill the past two years, with the collaboration of Dr. W. D. Ross and 
Mrt.JfJelga Malloy, I have had the opportunity to do the same thing 
with all entering freslimen in the medical school at McGill University. 

ItttarM, It. An experiment in lerfe-eede ute of the Rorschach method. Jour Psychology If: 

fltiMtes. lut 
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This 18 a project planned for four years, \^liith also includes EEG 
studies by Dr Jasper The icsults are no^^ available on midyear and 
final examinations of the first year I think that tables 2, 3 and 4 
\\ill be a good basis for showing the progress of the ^oik to date 
Another interesting experience with the group technique has been 
the examination of psychotic jiatients in se\cral mental hospitals 
Contrary to expectation, I ha\e found, with one or two unruly excep- 


Table 2 

Dr Munroc ’s BahUKs of Saiah Students 



A-*- 

B 

( 

D 

Personalit}- evaluition 

23 

23 

15 

21 

Siw a psyelii itiist 

0 

0 

1 

0 

Ac ide mie failuie 

1 


6 

5 


* A Hill n nffi itrh tci gooei aMingi pcrurmalitii** uml C and 1) tu pt>rH(innhtus hIioh 

iiig qiHstionubk ui j tomuiicid tliHtiu ties 


Table 3 

Modu il Students Me Gill University'*' 


Pelsonallt^ lilmj? 


Number 


Work Rood or 
Work Huti luttoi\ 


Pool woik 
S( ve ral failures 
Di tipped 


K\( ( lie nt 
Abe)\e aveidRe 

Axtiage 94 86% (81) 14% (13) 

Just below ivtiigc 

1*001 and Miv pe)t)i 14 7% (1) 93'/f (13) 


* I 111 iiiunmr in wimh thisse n suite wore obtained niHt porhapa be nimtionod Ihi nninuM of 
ill tlio 1 whi did I ijtsti nding work and of those who did ixtrinielv )WN>r Wutk (failed in many 
subnets oi dn ppi I) win Kiif to thi Uorsihiith examiiin bv the sfcritarv to the faeultv of 

iiuniiinid b\ n inu Atiiqag tin 80 per tent fhinfoti an imiiided the namiw of thoHi who did 
exteptioimllv good work and those wIiok nainew weie not inentieineHj 


Tabit 4 


Pi edirtion^ 

Basic potontialitiPH better than ‘poor’ 
group but at piese'nt disturhul and 
nnxtous If this cemtmues Jikeh 
to prodiK p d e t r i m e n t u 1 c ffee t on 
studies If the/ ran work out of 
their ditheultieH they will probably 
makr thr graele* ’ 


RpHults 

('ll I ailed all mibiorts “W’orried 
ayd eoulel not attenel” Rrfeireel for 
psyehiatrie examination nnxuty ntaii 
diagneised 

('a Age 40 Ilaa wife and family 
and serious finaneial woriioH “Car- 
ried outside employment Extenfliie 
lung HhadowH found over whieh he 
worried a great deal ” 


* Soini*tiines specifie prediction^ were verified in an intermtinc wrny aa for example iIicmm* that 
csimmented on an indix iduat a anxietv 
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tions, such patients are able to participate in group procedures. In 
fact; as one medical officer explained to me, it is apparently easier for 
some of the patients to take the test in this way because the rapport 
which they achieved with the group allays some of their suspicions and 
negativislic attitudes toward such an examination. From these inves- 
tigations, we have derived the all-important statistical material for 
comparative norms of various kinds for the group procedure. It has 
also been possible to derive from the new technique new diagnostic 
features pertaining to certain psychopathological entities. These are 
perhaps a little technical to be discussed here, but they have alres^dy 
proved of value in screening out the unsuspected psychotic in the un- 
selected group 

A cross section of the population at a penal institution affords a good 
medium for demonstrating the screening potentialities of the Ror- 
schach test. Last year, owing to the kind co-operation of Dr. Banay, 
psychiatrist at Sing Sing Prison, I had the opportunity of examining a 
group of prisoners that he had picked for various reasons, but con- 
cerning which I knew nothing. This investigation yielded some very 
interesting results which I may mention briefly: 

1. It demonstrated that the group procedure is a perfectly suit- 
able test f(»r persons of below average intelligence, a (piestion that had 
lieen raised when we initially presented it. Half the group examined 
at Sing Sing had l.Q.’s below 100 and over 25 per cent fell in the 70-90 
range. In all cases adequate records were obtained. 

2. It is probably hardly necessary to mention that no typical “crim- 
inal personality” came to light. The records of the 40 prisoners were 
as diverse and individual as any other group of a similar number 
might be, some demonstrating very profound psychological disturb- 
ances, a few with extremely well-adjusted personalities. 

3. However, when analyzed statistically, certain abnormalities for 
the grouj) as a whole stood out clearly, chief of these being the marked 
predominance of the explosive and more primitive type of emotional 
responses over the more adjusted and well-integrated ones. 

4. Certain gross abnormalities could be spotted immediately; for 
example, an “organic” personality pattern in the case of an individual 
with lues of the central nervous system, an incipient schizophrenic pat- 
tern in the record of an individual recently released from a state hos- 
pital^ where he had received insulin treatment. An acutely disturbed 
reeord (showing perhaps the most alarming picture of the whole group 
at that moment) transpired to belong to a youth who had made a 
suicidal attempt that morning and was considered clinically as pro- 
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foundly disturbed. A well-adjusted pattern, indicating, however, that 
the individual had passed through a period of acute strain and stress 
prior to the better adjustment, was found to correlate with a previously 
obsessed and agitated individual whose behavior had changed dras- 
tically after a successful lobotomy. 

5. While no attempt naturally was made to predict the actual crime 
from the personality alone, yet certain personalities clearly ‘‘belonged” 
to certain types of crimes. The individual committed for assault, for 
example, gave evidence of what might be described as a primitive im- 
balance, as opposed to the highly complex personality structure, in some 
cases where the crime was complicated and premeditated 

Recently Lindner and (yhapman** have reporte(,l their results of a 
similar type of screening at the Lewusburg Penitentiary. They state 
that they have selected “from undifferentiated admissions, without a 
single fadure, all those who were later found by the staff to require 
special attention.” This would seem to me a little unduly ojitimistic 
and, since no figures are given, one does not know the numbers exam- 
ined to date, but the technique is obviously of value in such gross 
screening experiments. 

As an indication that the more favorable personalities may also be 
caught in this particular net, the study of Piotrowski** and Candee 
may be mentioned. These authors have emphasized the selectional 
possibilities of the group method, and were able, 1 believe, to make 
correct predictions as to the particularly competent mechanical 
worker in 88 per cent of the 78 cases examined. 

It would be misleading to give the impression that the Rorschach 
test, either in its individual or group form, is making a widespread 
contribution to the problems of personnel selection in the armed forces 
at the present time It would be equally misleading, however, not to 
point to some of the situations where it is being advantageously em- 
ployed. 

I recently had an opportunity of talking at length with a member of 
the Australian Air Force, who was in close touch with the use of the 
group method in screening and selection* experiments in the Australian 
Air Force. His reports were very encouraging both on the findings at 
that time and the further extension of their plans. 

In this country, Dr. Barry Bigelow has tested naval aviators in Pen- 

* U n d nw , K., A OhH>m«n, X. W. An eclectic group method Rorerhech Rrieerch Rschenge 
•: 1S»-146. 1948. 

•Ptotrow i ki, g. Use of the Rorechnch in vocntional aelection Jour Coneulting Piychology 7: 
97 - 1 0 «. 1948 . 
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sacola and Jacksonville, prior to their training period, and follow-up 
studies on their subsequent performance in flying are available for 
comparison with their performance in the test. The results of these 
experiments have recently been made available to a few persons for in- 
tensive study from the Rorschach angle, and should greatly increase 
our knowledge of those specific |>er8onality patterns that are suitable 
for this type of performance and those that may have difficulties. 

A similar investigation with paratroopers is now in its initial stages 
in Canada, which again promises to give us the kind of information we 
have been needing for so long. Under the direction of Dr. W. D. Rpss, 
a group Rorschach is given to 100 entering paratroopers just prior to 
training. It has been felt by some people that the phenomenon of 
“freezing on the jump,” which is shown in a certain percentage of stu- 
dents in each class, may well have a psychological origin that will be 
demonstrable on the Rorschach record. Dr. Ross’s procedure, there- 
fore, is to give the test to these students, and then to wait till the end 
of the six-weeks training period, when the records of those who “froze” 
are studied carefully. This will be repeated with a number of entering 
classes until a sufficiently clear-cut personality pattern has emerged or 
the high incidence of the neurotic signs has been established as signifi- 
cantly different in the “freezers.” Predictions of “freezers” on the 
basis of the Rorschach record will then be attempted. 

Hertzman and Seitz*® have already published results of tests 
with the group method concerning changes in personality occurring at 
high altitudes and are making further studies along these lines. 

Under the direction of Dr. Klopfer, group tests are now being given 
every two weeks to approximately 50 persons in the officer’s training 
division of the U. S. Signal Corps in Philadelphia. A comment on this, 
recently received by Dr. Klopfer from the commanding officer, may be 
quoted: 

“The use of the group Rorschach psychodiagnostic technique in eval- 
uation of the qualifications of student officers for assignment is prov- 
ing extremely valuable. When used in conjunction with our other 
psychological tests, it provides an opportunity to observe the interplay 
between intelligence and personality and to estimate the emotional sta- 
bility of the officers under stress and responsibility. This knowledge 
allpilrs us to recommend assignment according to the best interest of 
the Bfrvice.” 

There are at the present time quite a number of trained Rorschach 

Borackach reaciioiui at high altitude. Jour. Paychol. 14: ji45Ht57. 
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workers in the various branches of the services. These men have 
sometimes been able to make use of their training, while others have 
interested their superior officers in the i)08Bibilities of trying out the 
test in relevant local situations. From a number of camps and mili- 
tary hospitals throughout the country, reciuests for information on the 
test, and for materials for its administration, are constantly coming in. 

Despite this obvious interest, however, it must, I think, be said in 
conclusion, that the vast resources of the Rorschach test have not yet 
been tapped. It is still the business of those of us who are convinced 
of its merits to inform those who are not yet acquainted with it of its 
potential value. Moreover, we must be sufficiently courageous to dis- 
card, if necessary, certain apparently sacrosanct features of the test if, 
by so doing, it can be reduced to a form that can be readily used where 
its n(*ed is vital. 


DISCUSSION OF THE PAPER 

Dr. Ruth L. Munroa {Sarah Lawrence College, Bronxville, N. Y.): 

Large-scale application of the Hor»t*hach lest, using the group method of ad- 
minislration developed by Dr. Harrower- Erickson and some means of rapid as- 
.scHsment, ih still a new venture. I think that I can contribute most to the discus- 
Hion of this problem by reporting rt»cent di'velopmcnts ui our experimentation 
with such list* of thf' test at Sarah Lawwnce C’ollcge, Perhaps the most immediate 
mtc’rest- of our K’sulth is further confirmation of the validity of the ^roup Ror- 
schach I would like, however, to draw your attention to the special way in 
which we used the grouj) test, because the results seem to have important impli- 
cations for more general jiroblems of .selection and of test construction. 

The Rorschach i.s a ver.satile instrument. The raw responses to the ink blots 
reflect so much of the personality that many lines of differentiation in personality 
analysis can be developed Until recently, the fully trained expert has used all the 
data in the test with as much clinical insight as he could muster. This is undoubt- 
edly the ideal jirocedure, because the examiner has at his disposal fairly good 
norms for single items and key relationships of data. He also has a knowledge of 
how clinical syndromes are expressed in the test, which is unfortunately no more 
uniform from one subject to the next than the symptomatology of two schizo- 
phrenics IS identical. Bringing all this material together into a sound diagnosis 
takes time and skill — the same order of skill that a psychiatnst must have in sort- 
ing the data of case history and interview into a significant picture of the per- 
sonality. 

Larg<*-.scal(‘ testing does not permit the necessary time for this type of evalua- 
tion, and large-scale testing must ultimately be done by psychologists less elab- 
orately trained Moreover, the Rorschacdi is being used in new fieldfs for new pur- 
poses. Efforts are being made in several directions, therefore, to reach more ob- 
jiTtive criteria for special conditions or special aptitudes. The “neurotic signs” 
developed by Dr. Harrower-Erickson represent one example of this trend. She 
found that di^nosed psychoneurotics actually deviate from normals more fre- 
quently on 9 items (technical Rorschach items like F and color shock) than 
any others. Most neurotics and few normals have more than 4 of them “signs.” 
Siimlar work has been done or is in progress on patients with organic brain con- 
ditions. on schizophrenics, on psychopaths, etc. Piotrowski and his colleaii^es 
have statistically isolated 3 “signs” important for success in shopwork. Dr. Bige- 
low and also Dr. Molich have compared the protocols of successful and unsuccess- 



584 ANNALS NNW^ YORK ACADEMY OF SCIENCES 

ful aviation cadets to determine objectively which items differentiate these groups 
most adequately. Such investigations can clarify, objectify, and, at times, for some 
purposes even supplant the general clinical evaluation described above. All of 
these efforts are directed, however, toward the diagnosis of specific conditions. 

Before coming to the discussion of our different procedure at Sarah Lawrence, 
1 should also mention the kind of work Dr. Harrower-Erickson has done in quickly 
predicting success in medical school. Indeed, I have done it myself in giving to 
students a rating that 1 called specific academic prediction. Dr. Harrower-Erick- 
son obtained excellent results. Our results were also very good. Out of 46 rat- 
ings, aimed at predicting academic performance, 39 were “on the nose” according 
to the general average established for the student's work during the first year; 
only one was badly discrepant. Nevertheless, I feel that these ratings, however 
successful, did not adequately meet the necessary criteria for large-scale testing. 
They were highly composite affairs, based not only upon our knowledge of the 
students through their protocols, but also upon our awareness of the specific re- 
quirements of the academic situation. Our method was essentially “clinical,” de- 
pendent upon onir personal insight I am sure Dr. Harrower-Erickson would agree 
that future development of large-.s(.*ale work should envisage both a more objective 
approach to the evaluation of the student and more precise knowledge of what 
the situation demands. 

We have already tri«‘<l to be more* tmrise in one direction at Sarah Lawrence, 
though in a manner which may sound paradoxical and is certainly very different 
from the investigations mentioned above aimed at specific diagnosis. What w'e 
did was to give each student a quantitative rating on “general adjustment,” ex- 
cluding so far as possible her adaptation to specific academic reiiuirements , indc»ed, 
excluding the selection of any particular tyjie of personality (W(' wull discuss, at 
.some length, later the objective criteria in the test for thi.s rating It seems 
preferable to describe first what it is and how it works.) Unintelligent and 
unmtellectual girls, introverts and extravert.s, aggres.siv(‘ and timid individuals, 
complicated and simple souls were all rated “adequate” provided the personality 
seemed to be functioning well. “Functioning well” meant initially — to be frank — 
nothing more than having a “good” Rorschach protocol. This criterion is, on re- 
flection, pretty sound The test was d<*veloped by clini(‘ian^ who knew mental dis- 
turbance in variety and had no particular axe to grind in defining normality In- 
deed, they did not define it at all. except “operationally” Reflection on the 
nature of the test sugg(*sts that what a good ])roto<*ol means es.sentially is a rea- 
sonable balance or integration between the iinpulsi\e and (’oii trolling forces in 
the personality Control must be adequate but not excessi\«* or too lepressivi*. 
Great latitude is allow'ed in type and intensity of impulse and type of control, hut 
their relationship must be sound In beha\ioral toriiih we defined adjustment 
very simply as the ability to “get along” reasonably well w'lth reasonable inner 
comfort. Occasionally, we rated a girl badly adjusted with an asterisk to indicate 
that she gets along well, but at too high a <‘ost to her own comfort 

I shall depend primarily on our experimental results to show that this appar- 
ently vague concept of “general adjustment” does mean something that is em- 
pirically rather precise, useful, and measurable I must first describe the experi- 
ment. For two successive years (1940 and 41). we admiuisteied the Roix-hach to 
the entire entering cl^s at Sarah Lawrence College (225 girls m all), under care- 
fully controlled conditions. Teachers were not informed of test results in order 
to guarantee complete independence of judgment. (Beginning this year the test 
is being used on a practical basis A feature of the work not presented here is a 
descriptive sketch of each student. Ratings and sketches are now available to 
teachers.) Evaluations from the test were made “blind,” i.e., with no informa- 
tion about tlie student except her response to the ink blots. The test ratings were 
coiuDS^d in June with the ordinary college records of academic performance and 
expneit notation of emotional difficulty — chiefly the list of girls brought to the 
atteiAion of the college psychiatrist His advici* is frequently sought by teachers 
ill cases of minor maladjustment without I'efernng the student directly 

The adjustment ratings were very successful in predicting adjustment. Out of 
100 girls rated “adequate” (A or B on a scale running from A to E), only 3 ap- 
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peared on any list of students in any sort of trouble, and 2 of these had minor 
upsets quickly solved. On the other hand, out of 33 students brought to the at- 
tention of the college psychiatrist, 30 had been rated as moderate or sei’ere prob- 
lems, 20 of them as severe problems. Many of these cases were not at all st'rious, 
of course, and with one striking exception, the Rorschach rating corresponded well 
with the psychiatrist’s estimate of dt'gree of difficulty. Ten of the 13 girls rated 
in the worst category by the Rorschach m 1941 either failed outright in their 
studies or had prolonged psychiatric attention, and the others were spontaneously 
described by teachers as rather neurotic. 

Of greater interest to the present discussion, howc\ er, is the fact that 18 out of 
19 students who were either dismissed or conditioned in their freshman year liad 
poor adjustment ratings. Half of these girls were above the median on the AC’E 
(American Council on Education Psychological Examinations, an intelligence 
test) one quarter above the 90th percentile Thus outright academic failure in 
the freshman year seems far more closely related to problems of adjustment than 
to lack of intelligence (This statement must not be reduced to (he absurd. All 
entering students have a certain mimmum of intelligence.) 

The adjustment rating predicted degree of academic succeas short of actual 
failure as well as the intelligence test, but no belter. Seventy-four i)er cent of 
the adjustment ratings and 71 per cent of the A(’P!1 scores (for purjiosi's of com- 
parability', the total distribution of AC’E scores was reduct'd to 5 groups ranging 
from had to good, numerically equivalent to the Rorschach lutings E to .\) tal- 
lied with the academic average, excluding the I'ases of failun* and conditioning 
Uhe point that I find most significant, however, is the relationship between the 
two tests. Failures in the prediction of each measure can be at least partially (‘X- 
plaini'd by the other The small group of unadjusted girls who did satisfactory 
work all stood above the median on the ACE C’onversi ly, with very few (‘xcep- 
tions, the adjusted girls whose work was on tlu* iiooi side stood in tlu* bottom 
quartile on the AC^E. The two tests seem to measure demoustrahly (Upetenl 
things, both of which are important in academic performance. An elTort to com- 
bine them yields the following very suggestive' results 

1 When the two measures jxiint in the same direction, good oi bad, then com- 
bined predictive power i.s almost perfect No “adequately adjusted” student 
with a good A(’E score failed No “poorly adjusted” stiidt'nl with a low ACE. 
.score did fully satisfactory work Tlu're were v'eiy few discrejiancies with extianal 
nu'asuies of peiformance ('ven of a minor degrd*. 

2. Girls with “ad('(iuate” adjustment ratings and low AC’E scores form a group 
which includes neither .supeiior scholars noi outright failures Half of them 
jiroved to be weak stmlent.^ and several were reject i*<l for return as juniors, al- 
though their work for tin* two lower years was considered jiassabh' Many ol 
them made valuable contributions to the colley?i‘ us people and seemed to jirofit by 
their education as much as girls who got better grades In shoit, this group cau.ses 
no serious trouble, but is likely to do mediocre work, at best, and, at worst, to trail 
along near the bottom aeademicallv'^ 

3. The most unpredictable group consists of girls with jioor adjustment ratings 
and high ACE scores. This gioup contributes half of the drainatK* failures and 
more than its quota of girls who jn.st .squeak bv. It also accounts for .several very 
superior students Statisticall.v .speaking, girls in this category are i>oor ri-sks 
To eliminate them altogether is both impracticable, bi'cuust' thc'ie are too many, 
and undesirabh', becau.se one would eliminate the verv good along with the \*'iv 
bad. These girls are jirobably the ,s(|UHre pegs^wdiu need sipiare holes, but an im- 
pressive number of them are well worth any siK’cial attention or tolerance re- 

a uired. Lopking bevond the academic scene, it is jirobable that a good many 
istinguished, creative people — .scholars, artists, aviators, etc, would do as badly 
on any general adju.stmeiit te.sts as the crackpots and dismal neurotics we would 
like to rule out. 

Sensible procedure might he to avoid “speaking statistically” about this grout) 
and devote whatever time is available for selection to individual study of each 
case. Some types of malmijustinent are likely to prove difficult in all situations 
More specific identification of what is wrong will suffice to cut out these cases. 
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Other types must be studied more carefully to deterinme whether their assets ore 
especially important for the situation under consideration and their diihculties 
such as can be handled. 

In spite of the fact that our evidence is too limited in scope to warrant safe 

f meraiization to other fields, it does, to my mind, suggest a useful hypothesis. 

ragmentary observaiions strongly support the idea that the same problems ob^ 
tain elsewhere. I should like to urge lurther experimentation with the concept of 
''general adjustment," as an empirical entity, to be measured separately and then 
combined with appropriate indicators of the special qualities required for any job 
in some such manner as that outl.ned above. It is not enough simply to screen 
out the mentally ill, and to measure special aptitudes or character traits inde- 
pendently. The concept of adjustment applied to the entire range of cases can 
probably be made to show, in a quick, practicable manner, the actual relationsliip 
between general personality factors and assets for a particular job. Prediction of 
success or failure could be made from a statistical combination of test scores with 
^eat accuracy in th,' majority of cases. The small group where errors are most 
likely to occur is isolated for more mli‘n.sive study and the problem to be con- 
sid red is clearly posed. 

A further advantage of the concept is that the adjustment measure can be used 
in new contexts, as desired, with different s(*ts of special data. A composite meas- 
ure, oriented toward a particular situation but including personality factors (like 
our academic ratings and probably Piotrowski’s signs), is less suitable for predic- 
tion in other fields. I should, perhaps, also emphasize the idea that “sjiecial data" 
could include not only aptitude tests, but also tests of personality configuration 
like the Rorschach itself ^differently analyzed, physiological measures and items 
from the case history. 

That our results are not due e.xclusively to the magic of ink blots is shown by 
the fact that Mrs. Schnidl-Wat'hner obtained bimilar findings with an adjustiiu'nt 
rating based upon her method of evaluating spontanc'ous drawings. Once the 
goal IS clearly set, it should be possible to devise other t(‘chniqu(\s of measurement, 
possibly more practicable for large-scale u.se 
This statement brings us back to the problem mentioned earlu'r of making the 
Rorschach evaluation more objecti\e. Unlikely as it may seem, "general adjust- 
ment" is a rather .simple thing to measure by the t(‘8t. After all, we defined the 
term originally as having a "good" protocol and elaborated our psychological 
concepts after the fact, when we found that this definition worked out well in 
practice. To our own surprise, we found that the method we have developed for 
quick inspection of the protocol actually yielded a numcncal score of impressne 
validity indcfiendent of our exi>crt judgment. 

What we did was to prejiare a mimeographed check list of 30 items generally 
considered significant in Rorschach diagnosis. (Not(' these items remain in 
technical Rorschach terms- -F per cent, color shock, CF FC, etc. They are not 
translated into judgments of behavior. The reader unfamiliar with the test must 
be content to assume that this abracadabra makes sense if it actually works.) 
Its original purpose was merely to provide a guide for systematic review of the 
whole personality as represented m the test, imd a way of recording our findings 
quickly for future reference. We tried to omit nothing of general importance 
and also to include only the major points in each sector of evaluation — color, 
form, movement, sliading, content, etc. Our method of recording was to enter a 
check against any item on the list w’here the protocol under consideration showed 
a marked deviation from the usual. Two or even three checks were entered when 
the deviation was very marked. Thus normal reaction to the appearance of color 
rejeived no check, mild color shcK'k one check, severe color shock 2 or 3 checks. 
•The rating discussed above is based upon a qualitative evaluation of all the 
we were able to grasp in a short time, and it is more discriminating than the 
quillet aMve method now to be presented. Looking over our material, however, 
we found tluit simply adding up the number of che^a on the list for each student 
gave us a figure which corresponded well with the external criteria used to check 
the ratings. 
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Sixty-four Btudents out of 121 had 6* chocks or loss. None of those girls was 
markedly disturbed and only one had oven a imid, tenii>orury upset. C'onverst'ly, 
the group ot 31 girls who iiad more than 10 cheeks included ail but 2 of 19 stu- 
dents who showed fairly soiious dilliculties, academic or personal. In fact, only 
4 of these girls did eniirely satisiactory work and the descriptive cuniments of 
ti’achcrs .suggested that none of lliom could be considenui well adjusted. 

It does not seem possible, by cuuutiny, to evaluate' degree' of disturbance' among 
the 31 girls having more than 10 checks To date, this finer discrimination can 
be made only by the judgment of the examiner basi'd on more complicated 
analysis Reduction of a gioup of 121 to 30 for Inore careful study is of great 
practical importunci’, howovei, especially since filling out the chick list seimis 
to require fai h'ss expeneiici' and skill than tirthodox use of the Rorschach. A 
rough knowledge of the scoring system is sufficient 

In comparison with this method, we also tried out J)r HaiTower-EricksoiiV 
criterion of “neurotic signs,” equally objective and somewhat quicker. Students 
liaving not moie than one “neurotic sign” kept out of trouble to the sanu* di'gree 
JUS those' having not more tliaii 6 checks No othei discrimination could be made 
by the “signs,” however Chris with 2 “signs” had ditricultit's almost us often 
as tho.se with 3 or 4 Tins finding is not surprising if th(‘ neurotic signs ari' ac- 
tually a, nK'asure of overt psvchoni'uiosis Very f('\v colh'ge .students have the 
open symptomatology <‘haracten.stic of diugno.si'd patients Neurosis narrowly 
(Ivfinvd is by no means the only ri'ason lor failure to handli’ hie situations 
effect i\ ely. 

Reflection on tlie naturi' of the check list suggests that it W'orks Ix'cuusi', by de- 
sign, it offers a .sj/.s/i uinhc and cinnprchcnsivo coveiagi' of the* resouH’es of the jmt- 
.sonality. Adding up clu'cks, therefore, becomes a meaningful jiroci'diire Tp- 
waid of 10 single clu'cks scattered all over th<' lot actually mean a iliffu.se disturli- 
ance M'rv likely to K'duce the person’s effectiveness— and vc'ry likely to be missi'd 
by the “neurotic signs” More seiious difficulty in one or more sectors of adjust- 
ment, repre.sented by double check.s and a mult iplicut ion of checks in the .same 
ari'a, is r(*fiect(’d in a high score, uahs-s all the other re.soum's of the pi'rsonahty 
aie functioning umrsually well A .siibjc'ct with markc' 1 difficulty m external ri’lii- 
tioris will ha\e a high number of chi'cks in the color area. To ke<>p the total 
numbei below 10 his handling of all other aspects of th(' te.st mu.st be almost jier- 
fectly sound .\n aileqiiate .score means that other r(sour€(fy hart be(Tt tested 
ami joiiad good 

.\s a lule, thi'i’c is good cori(*spondenc(' betwas’n tlie neurotic signs and the check 
list -as w'oiild be exjiected fiom the fact that the check lust includc’s all thc' signs 
Di.screpancies ar<‘ likely to be clinically significant- -a measure of the fact that sf*c- 
ondjiry factors in the personality are eithi'r contributing unduly to it.s inade(|uacv, 
or on the contrary are functioning so well that the .subject can handle lus diff'cul- 
ties effectix ely Oiii material .suggests that; for unselected gioups, it is woith while 
to spend tlie small amount of extra time required for n'cording tlu' sui>pleinentar> 
data 

In passing, I would like to thiow' out the suggestion that such tests as the Heiii- 
1 cuter predict “adjiustment” badly, not so iiuicli because they an' qiiesfionnaire.u 
as be<*au.se the questions they ask are neither comprehensive nor systematic 
Some tyjies of failure in adaptive mechanisms are overempha.sized. others neg- 
h'cled Slatisbeal item analysis dex’s not handle this problem at all unless the 
exi>erimental “bad” grouji jiresents a single syndrome These qiie.stionnaires hav(‘ 
avowTdly .startl'd with a list of .symptoms and trails, not wulh an over-all concept 
of personality resources nor even clinical nhurotic entities. Items haie been re- 
tained when they occurred frequently in a heteiogeneoiis “had” grouj). If vi' are 
correct in ascribing the obsi'rved 'success of the ch(»ck 1 st to its systi inaticallv in- 
clusive character, it s^c'ms jilausible to account for the obseived inadequacy pf the 
Ilemreuter by the unsy.stematic character of its construetion (The Berm enter 
w'as given to tlu' group of 226 girls here diseitssed. It^ pri'diction of emotional dif- 
ficulty w’Hs somewhat better tliaii chanc^, but not much Failures in prediction 
did not show’ the relationship to the ACE desiTibed abin e for the Rorschach — nor 
was till' large group of adjusted girls clearly delimited.) A psychiatrist would 
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undemtand at once that a person mav have few of the ^‘frequent” neurotic symp- 
toms and still be very neurotic, and that some quite adequate persons may be 
consistently on the introverted side — a trend which scores strong neurotic tend- 
ency on the Bemreuter. 

Again, our experimental material does not permit sound generalization. It 
seems likely, however, that our adjustment rating succeeded beyond other at- 
tempts of the sort, not so much because it was based on ink blots, as because of 
the w&Y personality data are handled in the Rorschach and especially m our 
check list. The survey of the personality is complex, i^stematic and compre- 
hensive. A questionnaire constructed on similar principles might very well serve 
the same purpose. 

In summary, then, our findings suggest that a measure of general adjustment 
can profitably be separated from capacity to deal with a particular situation such 
as academic work and recombined with measures of specific qualities for predic- 
tion of actual success in a given field. This method may well improve statistical 
prediction markedly in the majority of cases and isolate for intensive examina- 
tion the small group where failures in prediction are frequent. 

A numerical figure of good validity was obtained by adding up deviant items 
on a check list, thus providing a relatively objective means of using the Ror- 
schach. The success of this check list is probably due to its systematic, compre- 
hensive survey of personality resources. Such balanced comprehensiveness is 
proposed as a basic — and heretofore neglected — princijilc in the construction of ad- 
justment inventories. 



THE DETECTION OF PERSONALITY IMBALANCES 

By Gardner Murphy 
College of the City of New York, N, Y. 

INTRODUCTION 

The study of normal personality by experimental, clinical, and bio- 
graphical methods has progressed on a broad front with such rapidity 
that it is i)erhaps more important to attempt a limitation and focusing 
than an exhaustive picture of the methods now available. The task of 
personnel selection, guidance, and training, which already confronts us 
on so vast a scale, will he surpassed by that colossal duty and oppor- 
tunity that the returning soldiers will present. Millions upon millions 
of young adults and those nearing or at the prime of life will demand 
from us an intelligent evaluation of their backgrounds, abilities, and 
interests. They will expect from us more than rule of thumb, more 
than wisdom and learned talk. Instead of playing safe and asking 
merely that opportunity be provided to interview briefly and give sug- 
gestions to all such men, it is suggested that we boldly define the best 
wliich we might be able to achieve, with the sky «•’ the limit. 

1 take it that there will be effective collaboration of medical men, 
psychiatrists, vocational and personnel workers, and clinical psycholo- 
gists, and that we are concerned here, not with the enhancement of the 
vested interests of psychology, nor with any honorific concern for de- 
partmental lines, but simply with the question of tools that those 
might use whose chief training is psychological. 

This will mean that psyciiosomatic problems will be considered here 
from a viewpoint quite different from that of the physician. The phy- 
sician’s training will frequently permit him to trace out in full clinical 
richness the psychosomatic elaborations of each problem, including 
the manner in which the organic system is reflected in one’s attitude to 
oneself and the world, and the manner in which the attitude toward 
oneself and the world is reflected in th^e organic system.’ To be com- 
plete, a survey of such problems would require discussing physiological, 
biochemical, and other medical techniques. My problem, however, 
leaving such problems to the physician, is simply to explore technupies 
of investigating attitude toward self and world through experimental, 
biographical, and other available methods, so as to observe tendencies 
within the individual which lead into psychosomatic problems or which 

( 589 ) 
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appear whenever such problems are present in the organism. We are 
concerned with psychological methods for evaluating individual per- 
sonality, leaving the further elaboration of the psychosomatic problem 
to Dr. Kubie and his collaborators. 

One more distinction is perhaps needed: the psychologist must re- 
gard imbalance, defect, or disorder as a disturbance of interrelations, 
the study of such interrelations being an important phase of the nor- 
mal, universal, and general psychology of personality. In order to be 
of any service in exceptional cases, we shall have to emphasize in our 
whole approach the systematic study of the normal person. 

All serious research springs, of course, from clear questions which 
we put to nature, hypotheses so framed that there is an answer. 
Among the hypotheses which the individual psychologist w^ould have in 
the back of his head as he works, are some that deal with the general 
needs and problems of the population that he confronts, as well as some 
that are concerned with what is most needed by a particular individual. 
And those who would plan or administer such a program as we now 
envisage w'ould have to develop sharply defined hypotheses as to the 
kinds of results that can reasonably be expected from different kinds 
of procedures. They will need to have clearly defined hypotheses as to 
the time available for the individual client. There will need to be hy- 
potheses as to the type of psychological personnel available, the type 
of training it needs as background, the manner of staff organization 
and of collaboration with medicine, vocational guidance, psychiatric 
social work, and other public services. There will need to be hypothe- 
ses regarding the relative importance of a research program and a 
guidance program, and, finally, there will have to be a clear mandate 
to the individual psychologist regarding the relation of his guidance 
function to the broad research function which the gathering of such 
data entails. None of these hypotheses can, of course, be discussed 
here, but it must be kept in mind that the value of any method or group 
of methods to be described will depend upon the exact program deter- 
mined upon and the personnel trained and assigned the task. 

I will now attempt to present a bird's-eye view of methods available 
for the study of imbalances in the adult personality in our culture, with 
a viejpr to defining the personality problems in such fashion as to lead 
inta^^itful psychosomatic investigation. I should make clear that 
the use of the whole array of methods mentioned w^ould take far more 
tinis than will be available in the individual case. I assume that a 
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selection will ultimately be worked out comprising a few basic methods 
used with all subjects and, in addition, methods specially chosen to 
help in each individual case. 

THE INTERVIEW 

To establish friendly rapport, achieve a first impression of the indi- 
vidual, obtain a few salient background factors, and define the sub- 
ject’s attitude toward himself, his future, and our own possible help to 
him, we shall have to begin with an interview of an informal and lei- 
surely type, encouraging the subject to talk, and, in no event, hurrying 
him or prematurely narrowing the conversation. The case history ob- 
tained in the subject’s own most natural manner will be of the semi- 
standard type, with certain entries and checkings of items for all sub- 
jects and with qualitative notes added in each case. During this pre- 
liminary interview, the examiner will determine which of the long list 
of possible methods are likely to he most fruitful in this individual 
case, over and above those general methods which will be included for 
all subjects throughout the program. 

PERCEPTUAL TESTS 

AVhile personality study twenty years ago was. to a considerable de- 
gree, dominated by analysis of behavior, as sucli, it is fair to say that 
our first problems today are likely to Ik* problems as to how the indi- 
vidual perceives himself and his world. They are, in other words, per- 
ceptual problems. To ascertain the way in which his perceptions arc 
loaded by his personality structure, we shall present, at the beginning, 
a series of projective tests with semi-stnictured materials. I suggest-, 
first of all, the disc prepared by Skinner* and used by Shakow and 
Rosenzweig- under the name of tautophone, a disc consisting of mean- 
ingless sounds which, under experimental conditions, are interpreted by 
the subject in terms of meaningful word sequences. The subject is 
asked simply to indicate the words that he hears. This may be fol- 
lowed immediately in the visual sphere of experience by incomplete 
pictures of the type used by R. N. Sanford® or by indistinct pictures 
as used by Robert Levine,^ the pictures being interpreted by the sub- 
ject in terms of his interests and drives, i. e., autisticajly structured. 

> SkliiiMr, B. Ft The verbal summator and a method for the itudy of latent ipeech. Joar. Frrohol. 
S: 71-107. 1080. 

* Shokow, P., Jl( Boaonswolff , 8. The uae of the tautophone ('Verbal aummator") ha an auditory 
apperceptive teat, for the atudy of peraonality. Character and Peraonality 8: flO-ttO. 1040. 

* SuilOrd. B. m. The affect of abatinence fapm food upon imafinal pro cc aa ea ; a preliminary experi- 
ment. Jour. Pathol. 0: ltO-100. 1006. 

* LnTiao, B.. Ohola, 1., B Minphy, Q. The relation of the intenaity of a need to the amonut of 
perceptual diatortion: a preliminary report. Jonr. PayehoL it: 088-000. 1040. 
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The pictures are, however, not only perceived in accordance with the 
relative strengths of various drives, but may lead, if encouragement is 
given, to active fantasy which may be recorded. At a higher level of 
structure, we may use the Murray thematic apperception test,® evalu- 
ating responses to pictures in terms of the subject’s identifications with 
the people portrayed, and in terms of contents and quality of phan- 
tasy. Throughout such “projective tests,” the data should be re- 
corded in terms of verbatim records which can later be analyzed and 
scored. In addition, the examiner should take special note of marked 
disturbances of the individual in performance, blocking in speech or 
action, exceptionally rich autistic elaboration, or constricted perform- 
ance with inability to elaborate fantasies. If it is possible for the 
examiner to indicate in a few words his major hypotheses about the 
subject at this time for validation later on in the research, so much the 
better. 

Of outstanding value is the Rorschach,'* given as an individual 
test and scored in the formal fashion but with free use of a supple- 
mentary check list on such characteristics as verbal facility, volatility, 
rigidity, cooperation. Abundant opportunities for short cuts such as 
the Munroe inspection technique^ are, of course, to be utilized when 
necessary. 

EGO STRUCTURE 

Whereas the methods just described aim primarily at the perceptual 
dispositions of the individual, we need now to focus more sharply on 
one special perceptual problem, namely, the way in which the indi- 
vidual looks upon himself. What sort of a person does he conceive 
himself to be, by what methods does he enhance his ego, by what 
methods does he defend it? Suggestive data already at hand in the 
first part of the examination can be supplemented here by free chain 
association, two or three verbal stimuli being given, each one starting 
the subject off for one minute. A concealed galvanometer may easily 
be used, the deflections being studied in conjunction with the apparent 
affective intensity of certain responses. This may be followed by 
studies of the subject’s basic expressed interests, as, for example, in 
the Allport- Vernon study of values," or by Eugene Lerncr’s test of 
ego blocking,'' in which the individual exemplifies in motor perform- 
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ance the way in which he confronts obstacles interposed by another 
person. Some general paper-and-pencil test of personality could be 
introduced at this point, perhaps the revised Chassell clinical inven- 
tory,^® or the Willoughby revision of the Thurstone."- There is no ob- 
jection to the use of such schedules, and there is much good in them, 
provided that two limitations are faced: first, the total score will often 
be of little use to us in the present task, except as confirmation of data 
obtained under conditions where self-deception is less easy for the sub- 
ject; second, care must be taken to note which items and groups of 
items fit meaningfully into other data. 

An opportunity might be made now to subject the individual to direct 
strain or frustration, as by one of the Roscnzweig tests,'-* so constructed 
as to induce the sense of failure, taking note of his predilection for one 
or another method of handling his frustration, such as repression of 
his failures, blaming himself, and blaming the experimenter. With 
any of these, a concealed galvanometric measure may be taken. The 
Mittelmann-Wolff methods'^ of studying finger temperature under 
such stress would undoubtedly be of psychosomatic* interest. Cjlreat 
importance attaches, I believe, to Else Frenkel-Brunswik’s demonstra- 
tion'-'' of the case with which subjects, in evaluating themselves, show a 
proneness to use one rather than another of the various available 
mechanisms. I have in mind especially ratiemalization, projection, 
displacement, repression, and reaction formation. Nothing would be 
more directly pertinent to psychosomatic problems than a notion of 
the individual’s characteristic defense mechanisms in relation to the 
strains and costs they entail, as well as the strains and costs they may 
serve to prevent. 

As tension develops, a pause and rc-establishment of rapport is 
needed. The interview might be briefly resumed with an emphasis 
upon ascertaining the subject’s group memberships^ group loyalties, 
and areas of security. With whom docs he identify, whom does he 
respect, for whom will he gladly make sacrifices? Check-list data 
and qualitative observations here will immediately be followed by brief 
schedules of social attitudes bringing out the individual’s “we” feeling 
with other social groups. Does he identify in terms of his age, sex, 
race, religion, home town, in terms of family membership, or in what 

i*ChMt4U, J. Ksperienee vanablei record’ a clinical reviiion. Ptvehiairy 1: 1-8. IMS. 

WUlouchbj, B. It. Some propertiei of the Thuritone personality schedule and a siiffcatrd tt- 
visioD. Jour. Soc. Psychol. 8: 401-M4. 1989. 

^*Thur8toiM, L. tut St ThunitOiMi T. Q. A neurotic inventory. Jour. Soc. Psychol. 1: 8-80, 
IMO. 

** M«irrfty, B. A. ’’Explorations in personaUty." Pp. 479-491 and 585-899. 1 M8. 

** MUiWlfnonn, B.« A Wolff, B. O. Affective states and skin temperature; experimental study of 
subjects with “cold hands'* and Raynaud's syndrome. Psychosom. Med. 1: 971-999. 1989. 

** Vronkol-Bnuaswlk, B. Mecnanbms m seUf-deception. Jour. Soc. Psychol. 19: 409-490. 1M9. 
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terms? Tests of the Bogardus^® type have proved quick and adequate 
methods for such purposes. 

At this point, we should stop and take stock of what we think we 
have accomplished by gathering such information. Having under- 
taken first to get a view of his manner of looking at the world and 
himself, we have now come to the point of asking whether he can ac- 
cept himself, what efforts he makes to see himself according to his own 
standardized schema, and at what coat he maintains this self-portrait. 
Does he maintain an adequate self-portrait at the cost of physiological 
wear and tear, through maintenance of high-tension level and an 
abundant use of such psychoanalytic mechanisms as stand out even for 
surface inspection, or does he oscillate between casual, relaxed self- 
acceptance and strenuous corrections of the picture when shame and 
guilt, inadequacy and inferiority force themselves upon him? A rich 
mine of data here upon the subject’s conception of himself should be 
made available for the medical evaluator of the subject’s psychoso- 
matic problems. 


MOTOR EXPRESSION 


We have moved slowly over from the perceptual field through the 
centralizing ego functions to the problem of motor expression. As I 
see it, we are not concerned in this conference with motoi skills or 
aptitudes as such, but wt are concerned with the field of motor be- 
havior and expressive movements because of the eloquence of such 
behavior in portraying broad personality problems. Grace, clumsi- 
ness, even speed, erratic tempo, slow warming up, the end spurt — 
these are examples of the fashion in which any motor performance be- 
trays personality strengths or weaknesses. Here, I would suggest some 
form of pursuit meter with and without distraction, a simple finger 
maze test, the Howells test of persistence,’" despite physical pain, in the 
execution of a task, and a rough gauge of the subject’s tension level 
while undertaking a complex motor task, as, for example, by the John- 
son-Duffy technique’" of squeezing a rubber bulb with one hand while 
executing a task with the other. I should suggest adding, at this point, 
Eisenberg’s procedure’" for determining the sheer expansiveness or with- 
drawal tendency of the subject wdiile carrying out motor tasks, with 


the bj^pothesis that freedom vs. constriction will show itself in the ac- 

“ flit 8. *'tmmigr«tion and race attitudea.” 19t8. 

T. ■. Aa Mperinenta) study of perautenee. Jour. Aba. It Soe. Psychol. tS: 14-89. 
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tual utilization of space. The purpose throughout these motor tests 
is partly to get quantitative data on the blockage, clumsiness, vari- 
ability of effort of the subject, and partly to permit further qualita- 
tive evaluations. 


SUMMARY IMPRESSIONS 

For a few moments after this battery of procedures, the interview 
may be continued, summarized, and concluded with a few words to the 
subject about his strong points, and about our hope that we can help 
him. During this period, there is an opportunity for the examiner to 
take special note of various additional general characteristics of his 
subject, a few of which can be entered upon a disguised check list and 
many more of which can be entered as the subject^ leaves the room. I 
have in mind such broad characteristics as ease vs. rigidity; compul- 
siveness vs. casualness; the range of intensity of individual anxieties, 
personal, social, sexual, economic, and the cost to the organism in- 
volved; general aggressiveness and areas of aggression; the tendency to 
throw the aggressiveness into fantasy form as against the tendency to 
carry it out directly, and, of course, the tendencies to reaction forma- 
tion; the subject’s general autism level, his tendency to easy wish ful- 
fillment in perception or imagination, eB})ecially in relation to his pic- 
ture of himself ; his relation to his own body both in terms of his re- 
counting of earlier illnesses or disabilities and in terms of his posture, 
gesture, and verbal self-reference. One thinks here especially of the 
problem of the returning soldier who is exuberant in his renewal of 
youth as he resumes civilian life, and of the man who is lost without the 
support of routine and authority upon which he has relied. 1 will leave 
to Dr. Kubie and others the discussion, of this issue, hut all of us need 
to keep it near the center of our thinking. 

Now, putting aside the primary concern with the problem of imbal- 
ance, the subject’s relation to the general personality types of normal 
people in our society should lead to final ratings on the subject’s gen- 
eral and special abilities, his values and interests, his chief condition- 
ings, his adaptability and educability, his p8ychophy8i()logical ade- 
quacy, the areas in which he will most •likely be adeejuate and secure, 
the life areas in which he w^ould face the gravest hazard. All of these 
traits may be entered on check lists with a word or two of supplement 
here and there. 

Again, to supplement and balance the emphasis upon pathology, the 
resources, strengths and adequacies of the individual should be fully 
defined. What does he have to live for and what are his tools for cop- 
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ing with the world? As Pierre Janet would put it, we have heard 
about his psychic liabilities. What are now his ^‘psychic assets’’? What 
is the ‘‘psychological income” which must be compared with his psy- 
chological expenditure? If the subject’s strength is as clearly defined 
as is his weakness, this will lead us rapidly into a situational analysis 
of the subject, i. e., a consideration of his past and present environ- 
ment, and especially of his future environment. We shall think not in 
terms of his absolute adequacy, but his adequacy relative to this or 
that world with which he must deal; a world in which he will be older, 
more experienced, supported by more and different kinds of people, as 
well as subjected to many specifiable and some unspecifiable types of 
strain. Instead of making a guess as to how such a person will come 
out five years from now, we shall, like the research people in the Cam- 
bridge-Somerville Youth Study, undertake to guess where he would 
come out in relation to various environmental problems, using such a 
gauge as a way of forcing ourselves to specify how he might be pro- 
tected and aided in coping with each of these environments. Our 
problem, in other words, will be only half a problem of detecting his 
imbalances and trying to correct them directly. It will be half a ques- 
tion of gauging ways in which, through situational therapy, these im- 
balances may be prevented from making trouble or may even be turned 
into supports in his living. 

COMMUNITY SERVICE 

Having those data and interpretations and turning them over to 
medical men or administrators, or whoever bears final responsibility 
for the guidance of the individual, w'hat will be our duty to the com- 
munity, to which we are ultimately responsible and which we hope to 
serve in the broadest terms? For it is not only our obligation to focus 
clearly immediate needs of the individual; it is our obligation to build 
up an applied science which may protect and guide more and more ef- 
fectively the thousands, yes millions, who so desperately need all the 
clear information that we can give to face the fiendish complexity of 
modern living. Just as every modem room is lighted, every subway 
train propelleil by forces experimentally studied by Faraday a cen- 
tury ago, so we may hope that every human life will in time be more 
cffecjfively lived because the present opportunity is used not only for 
theraiFil basic scientific understanding. While the individual 

doctor helps hii}‘4>atient, medical research eliminates yellow fever or 
diphtheria. Psychology must w^ork with the same scientific concept 
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of its future. Now, for self-respecting research, it is important that a 
basic minimum of 15 or 20 methods be systematically applied to all 
comers in any large program, both to permit the study of interrelations 
and to give a base line for longitudinal studies of the same individuals 
after a considerable period. Beyond this base, however, individual 
methods may be used in so far as the psychologist thinks them valu- 
able as a means of helping the individual. These data should also be 
worked up, especially in longitudinal form, but sampling difficulties 
will probably prevent their giving adequate data for group comparison 
purposes. 

Finally, the point should be stressed that it has been an era of enor- 
mous proliferation of personality tests. It is now a question, not of 
dozens, but of hundreds of such tests. The chii^f problem is not to 
devise new methods but to develop these methods to a high level of 
adequacy. No personality test, except the Rorschach, has run the 
gauntlet and demonstrated its profound and far-reaching adequacy, but 
many of those in use may ultimately do so. 

BROADER SOCIAL IMPLICATIONS 

In conclusion, the purpose of focusing upon personality evaluation 
is not merely to help individuals and not merely to advance science; 
but to educate a democratic society in the importance of personality; 
to leaven the educational system as it learns to understand and to 
help individual children or adults; and to lay a psychological founda- 
tion in the community, so broad and so well understood, that, in the 
next generation, psychosomatic difficulties will be fewer, because sound 
applied psychology of personality will be taken for granted, just as 
sound physics, chemistry, and biology are taken for granted in relation 
to problems of health. One of the supreme tests of a democratic society 
18 the question of it« ability to make clear to its component individual 
members, through research and application, the dynamic principles 
upon which interpersonal problems can be solved; an important part 
of our job is to contribute to public understanding of the rationale of 
our methods and the meaning of our findings. 

« 

DISCUSSION OF THE PAPER 

Prof. L. Joseph Stone (Vassar College, Poughkeepate, N. Y.): 

Professor Murphy has .supplied us with the bnlliant synthesis and program 
which he has led us to expect and demand of him. The program that he pro- 
poses IS so thorough and suggests so full a use of the psychologist's armament and 
equipment that I shall not attempt any unnecessary comment or amplification. I 
prefer rather to approach the question of implementing his proposals. 
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I sliould like particularly to suggest that motion pictures could be of threefold 
service in such a plan. 1 shall omit from the present discussion any reference to 
the use of films for research purposes, not because research is not essential to an 
adequate plan, but because their use in research involves complications which it 
would take too long to follow out today. It seems to me that films could be of 
great significance in: (1) training the vastly expanded psychological personnel 
which such a program would necessitate; (2) as a recording medium in actual 
clinical use, providing objective records of clinical situations and at the same time 
economising the time of the best trained clinicians in a way that I shall explain 
in a moment; and (3) as a vital means in meeting Professor Murphy’s last sug- 
gestion to educate the professional and lay public to an understanding of the 
psychology of individuality. 

1 feel qualified to speak to the point on the basis of the fortunate opportunity 
1 have had to participate in the program of film production of the Department 
of Child Study at Vassar College, a program under the direction of Dr. Mary S. 
Fisher, supported by grants from the Josiah Macy, Jr., Foundation and the Gen- 
eral Education Board. Taking part in the production of a senes of films (under 
the general title “Studies of Normal Personality Development”) has given me an 
opportunity to become one of the members of the peculiar new species of “psycho- 
photographers” or “pliotopsychologists.” I can therefore speak in terms of filming 
techmques and possibilities as well as of the transmission of film-borne psycho- 
logical concepts to students and lay audiences. 

Filming is expensive on a small scale, but it is cheap when a large program is 
involved. The primary requisite for instituting so practical and significant a plan 
as Dr. Murphy has put before us to facilitate postwar adjustment is the speedy 
and efi^icient training on a large scale of competent psychological climcians, clin- 
ical assistants, and technicians. The present wide use of training films in the 
Army and Navy, for instance, suggests that motion pictures provide an ideal 
means of combining the handling of large groups of students with the provision 
for each student of tlie necessary intimate acquaintance with materials and tech- 
qiques that he is to use. 

Moreover, we have found that at certain points in training, films are not merely 
substitutes for the direct experience that it mav be difficult to afford a large group. 
Either in terms of actual learning about sample individual pi’rsonahties or in con- 
nection with the training in the use of various projective techniques and other 
instruments, the film may be far superior to direct experience. By films I always 
mean films with sound. The inclusion of sound provides the opportunity to re- 
cord a situation m its completeness and entirety. It also makes possible, by the 
addition of interpolat.cd commentary, to point up what is to be observed at the 
moment that it is being observed — something that is particularly difficult in the 
observation or practice of actual clinical techniqui's. By the judicious use of 
such commentary and by careful selection and editing of the film, it is possible 
(for example, in demonstrating a specific technique such as an interveiw) (1) to: 
present a wide range of contrasting responses such as it would take a long time 
to observe in actual practice; (2) select the livest and clearest and most signifi- 
cant material rather than the haphazard run-of-the-mine material that would be 
seen in direct observation; (3) provide common observation experience for all 
the students in a large group to discuss; and (4) make possible the repetition of 
a clinical experience and the demonstration of fine points of behavior and attitude 
which may not have been observed at first. 

Mav 1 mmark incidentally that I feel that this point is the chief essential in 
the oo;ecfi/icofion of clinical intuition. The skilled clinician seeing and hearing 
again the behavior of a subject in a projective technique or in an interview could 
say “this and this and this made me decide thus and so about this person.” He 
couM point to the turn of speech, the sudden gesture, the covert glance that im- 
plitp anxiety about certain problems in the patient’s life history — or whatever sig- 
trait or attribute was under discussion. What I am suggesting is that 
intuition” refers to the clinician’s accumulated experience that enables 
him to inteipret swiftly and (sometimes) surely the “language of behavior” — Dr. 
Fisher’s feHoitous phrase — of his patients. The specific cues in behavior, intona- 
tion and gentore ordinarily may be too numerous, too slight, or too rapid for a 
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full account from memory. In training, however, where it is essential to teach 
students to see, the clinician could go back over the swift panorama of behavior 
in the situation as many times as necessary to indicate in detail I he clues to Uie 
understanding of himself that the subject or patient provides in a well-chosen 
clinical situation. Carl Rogers’ comments on the value of phonographic record- 
ings of interviews for such purposes suggests how mucli more ust'ful the complete 
record of thfe sound film would be. Much of the subjectivity and sui genvm 
character of interpretation and conclusion that critics such as Mucfarlanc com- 
plain of, in the field of projective techniques, for example, could be overcome by 
tlie explicitness of this method. 

Good, closely related discussion and study material must be planned around the 
film, but no other method can give large groups the benefit of direct, intimate, re- 
peated and common observations as the basis for discussion. 

The second suggestion that 1 wish to make — the use of automatic sound-film 
recording in some of the actual clinical situations — is tied up with the obvious 
point that, if any such large-scah* programs as wo are here considering an* put into 
effect, the best trained personnel will ha\o to bo spread very thin. It will bi* 
necessary for many purposes to use the service's of less thoroughly tiained clinical 
assistants and liehnicians. I belH've that preselected key portions of the admin- 
istration by these assistants of various projective techniques and other instruments 
should be recorded with concealed microphone and camera. The chiefs of a 
service could then run thiough a screen.ng of the* responses of a number of sub- 
jects and make their judgments in a considerably reduced time. This might well 
reduce greatly the number of individuals, already examined tiy aKsiNtarits, who 
would n(’(’d to be calh d back for further time-consuming study by the chiefs of 
service. 

Finally, let me sa3^ that the use of films for tJie educational pnacntatioH of a 
basic point of mow toward personalitj' — the third use I wish to suggest — is clost^st 
to the work which we are doing with our films, and 1 can sjieak of it with greater 
confidence. All tliat is reipiired— and, of course, it is not l ery simple to achieve — 
IS a cleat conc(*ption of w hat is to be presented, a combin'd ion of imagination and 
accuracj" in its pri'sentalion and adequati* (not exorbitant) funds to make pos- 
sible the translation into films. I should like to sound the warning that it is 
essential for the psychologist engagc'd in making such films to ke(*p in close touch 
with eveiy step of film production, and not simply to farm out the general plan 
to p.sychologically unsophisticated film experts 

To achieve Dr Murphj^’s goal of educating a democratic society to the point 
where ‘‘a sound applied psychology of personality will be taken for granted,” we 
need a realistic and effective program for psychological mass education. Few 
techniiiues can match the* film for thi.s purpo.se. To prepare a vast range of films 
from popular prestmtations with good insight, (such as ‘‘Journey for Margaret”) to 
more technical presentations fof college use challenges the imagination of every 
scientist whose work touches tin* field of personality ; challenges him to meet the 
obligation he bears to a democratic society; to translate his research and clinical 
insights into common knowledge. 

Dr. Robert C. Chellman {Teachers College, Columbia University, New York, N. Y.) : 

I am sure we would all agree that Dr. Murphy has done an excellent job in or- 
ganizing the pertinent material around his topic. I have a few general sugges- 
tions and a few spi’cific ones. First, if we pjgn to deal with yoiing adults from 
widely differing cultural backgrounds, we must make sure that all our tests and 
other approaches are suitable for such a broad range. Second, the plan for the 
pfychological study of these men must take into account their motivation for 
submitting to the various imstniments and approaches. If we are dealing with 
volunteers and use a strong frustration situation as one of our approaches, we may 
find that many of our subjects may respond by a bodily and permanent ‘Mcaving 
the field.” Third, as no mention was made of the detection of personality imbal- 
ances and inadequacies through intelligence, achievement, and aptitude tests, I 
assume Dr. Murphy deliberately omitted them in order to emphasize the tech- 
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mques which bore a more direct relation to personality. However, as all of us 
realise, much “personality data” can be gleaned from such tests. 

As to specific suggestions, 1 would be inclined to omit a measure of galvanic re- 
activity. It seems to me that if the research of the last twenty years has demon- 
strated anything, it has demonstrated that we still do not know enough about the 
conditions underlying galvanic reflex to be able to assess its significance for per- 
sonality. It would also appear that such techniques devised for children, such as 
the Lemer Ego-Blocking technique would not be applicable to adults unless ex- 
tensive modifications were made in the tests. 

It might also be fruitful to substitute the autubiugraphy for Chasseirs Experi- 
ence Variables. Dr. Murray, of Harvard, found the autobiography of definite 
value in his work with college men, and the task itself is not too ditheult for those 
with fourth-grade education or above. An adaptation of the Mooney Problem 
Check List might help to bring into focus the problems of the individual. A fur- 
ther development of “conflict stones” in which the individual is confronted- with 
a story of a life problem that allow's only two solutions, each one involving a 
denial of the other, might be used. Dr. Herbert Zucker found this approach very 
valuable with delinquent boys. In contrasting attachment to parents with that 
of aitachment to an, age mate, he told boys stones similar to the following 
“Johnny is called into the principal’s office and told that something terrible has 
happened to his parents and that they want him to come home immediately. 
While he is iii the office the* phone rings and he is informed that his best friend 
has been in a serious accident and w’ants him to come to the hospital right away. 
Where does Johnny go?” 

The use of self-ratings on abilities of various kinds might be used as a means 
of obtaining the individual’s own evaluation of himself rather than as valid indi- 
cators of actual abilities. 

Finally, I would like to mention the level of aspiration technique Through 
this method, a worthwhile indication of self-confidence can be obtained, and a 
direct estimation of both the intensity of the individual’s reaction to failure and 
the way in which he handles failure can be made 

Dr. lugtn# LerxiMr {Sarah Latorence College, Bronxville, N. Y.): 

The topic so suggestively treated bj^ Dr. Murphy could relate to three prob- 
lems: (1) selection of military personnel for immediate war purposes, (2) read- 
justment of both healthy and more or less incapacitated military personnel to 
postwar civilian life m the United States, and (3) rehabilitation in various Euro- 
l>pan countries as part of world-wide psychological reconstruction in general. 

Distinction ought to l>e made between what may be called preventive personnel 
wdection and palliative personnel selection Though we are today of necessity fo- 
cusing on the latter, simply becau^ we as yet lack the requisite longitudinal data 
on a nation-wide scale, it seems important to emphasise what would be needed 
for truly preventive personnel selection. The two methods are clearly interde- 
pendent. Mr. Frank suggests that two points are important : (1) how did the 
subject or candidate get “that way,” and (2) can he take it, as he is constituted 
now? It seems to me that for really adequate personnel selection the two ap- 
proaches must be dynamically connected, in order that we may answer the basic 
functional question- how did he get this way so that he can now take it in the 
manner in which he can ; how did he get where he is right now in his capacity for 
taking it? 

Preventive personnel selection would presuppose continuous longitudinal in- 
spections on a nationd-wide scale in terms of personality development in the first 
fourteen or eighteen years of the life span. Even if we cannot hope for the kind 
of opmprehensive data secured in the California studies under Jean McFarlane, 
it ipay not 1^ unrealistic to urge and plan for the systematic collection of mini- 
mp personality data on all or most children from nursery school or kindergarten 
qn tftough high school. This would call for large-scale, nation-wide pretesting, 
testinit and re.testing—at age 5 or 6 years, at 9. 12 and 16 or 16 years (calling for 
4 tests per subject, at 3-year interv'ais as a minimum). In addition to individual 
Binet-Tormaas at 6 and 12 years, group tests of intelligence, aptitudes and per- 
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Honahty may be secured at 9 and 16 years, if not all 4 times. With the develop- 
ment of group-test methods of short inspection in the use of the Rorschach, this 
dynamic personality test may also be used at least twice — ^at 9 and 15 years, if 
not more often. Controlled 10- or 16-ininute guidance interviews may be se- 
cured similarly, at least twice, at 6-year intervals, l^'rom age 9 years on, paper- 
and-pencil forms of simplified personality inventories may also be considered at 
3- and 6-year intervals, including suitably adapted tests of moral judgment and 
morale — to gauge gross ratios of social-emotional maturation in terms of social 
personality trends. All such data would constitute a child’s school record, pretty 
much as the properly “academic” part of it does at present, It would call foi 
immediate and rapid extension of the use of school psychologists, visiting teachers 
and school psychiatrists, including bureaus of child guidance and vocational guid- 
ance m school systems throughout the country. It would call for greatly extended 
facilities for training the required psychological personnel, some centralization of 
scoring and interpreting faciiities on a mass-production basis and so on. Consid- 
ering what we are willing to spend on military equipment in time of war, the 
funds needed would seem relatively negligible — especially since the information 
thus secured would be vitally relevant to any future war effort, in terms of both 
military personnel selection and postwar rehabilitation programs. At least, it 
seems important to emphasize that in the absence of suc^ comprehensive, if still 
minimal, df’vclopmental or longitudinal data, all palliative efforts are doomed to 
being severely limited and rather liable to serious errors. Whether for personnel 
selection or any other important purpose, personality cannot possibly be gauged 
rtdiably and with lifelike meaningfulness without a rock-bottom minimum of the 
total developmental picture or gross rate of .social-emotional maturation A 
purely palliative picture, ba.sed entirely on test data an at present, may call foi 
diametrically opposite diagnostic and prognostic evaluations — jireeisely in the 
light of such developmental test and observational data. 

If nothing else, we now ought to be clear about what to expect and what not 
to expect from the palliative programs, however carefully planned. On this basis, 
1 would recommend as additions to Dr. Murphy’s suggestive batteries the use of 
standard intelligence tests, especially in terms of relevant “incidental” reactions 
to the test. Such seemingly tangential responses can be indicative of important 
attitudes, personality needs or characteristics. Also some simple job-tests, espe- 
cially as used in the st udy of industrial accidcnt-jironeness by industrial psycholo- 
gists, may be helpful in rounding out not only the aptitude profile but. the total 
personality picture as well. Insofar as possible, standardized, if brief, autobio- 
graphic sketches may be obtained on group-test basis, m addition to group Hor- 
schachs on short inspection basis. Thematic analysis may be centralized on a 
ma.sa-production basis, under the leadership of the Harvard Psychological Clinic 
and similar .clinical-experimental centers of personality study. At least the more 
serious extremes may be recognized and selected for more intensive follow-up 
examinations in such manner. A simple form of test for gauging rumor-proncnc’ss 
may also be used on a paper-and-pcncil group test basis, in terms of Gordon All- 
port’s and Robert Knapp’s work. Such projoctively gauged data may be more 
helpful and may take the place of lifelike behavior sampling in terms of minia- 
ture life situations — in compai'ison, say, with the Berureuter self-sufficiency scores 
and similar techniques suggested by Dr. Murphy. Proneness in terms of anxiety 
rumors, hate rumors or day-dream rumors may reveal lifelike clues to such prob- 
lems as management of aggression and anxiety needs, objectivity, rigidity, emo- 
tional stability, optimism-pessimism, etc. Piyper-and-pencil “audience reactions” 
of standardized briefness, in response to standard film shorta may similarly be 
considered here. Retesting on the whole battery or parts of it, at intervals of 
six months or a year, would be necessary for more than static jierscJnncl selection, 
even on a palliative basis. The changes or “consistencies” thus revealed would 
be necessary for gauging continuing personality changes and checking mimmal 
prognoses made at the time of first examination. The effectivoneas of rehabilita- 
tion and treatment programs could not ptherwise be verified and improved. 

These approaches would be useful not only for postwar rehabilitation and 
planned demobilization of American soldiers, including those wounded or trauma- 
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tifed, but also for postwar reconstruction of Nasi-indoctrinated and Naai-trauma- 
tited countries abroad, including soldiers and civilians, children and adults, on a 
however limited, partial “sampling” basis. 

Dr. A. H. MmIow {Brooklyn College, Brooklyn, New York, N. Y.) : 

Dr. Murphy has presented us with a vast array of possible tests that can be 
used in the detection of various trends of character and maladjustment, and 
therefore in the screening of draftees. It now remains to discuss the practical 
question of just which tests to use and when to use them. Certainly wc cannot 
use all these hundreds of tests. I will say briefly that my reaction based on my 
own experience has been that if 1 had to use any single test of the many that are 
available, 1 would rely must upon the Eorschach test. If 1 could add to it, 1 
would add simply any one of the standardized intelligence tests. My impression 
is that these two tests are probably more useful than any other brief combination. 

However, this is not a complete answer either, because, when 1 say Rorschach 
test, I mean Rorschach test as interpreted by a competent person and of these 
there are very few. The Rorschach test has the great disadvantage, as compared 
with other personality teats, that it is not foolproof. It can be used badly by a 
poor psychologist and can do a great deal of damage. This means that we must 
use it only when we are certain that our interpretations are sound and expert 

I must report to you the unpleasant fact that I know of se\eral persons who are 
mppoaed to be Rorschach testers, who come out with the most nunarkably and 
comph'tely incorrect diagnoses. Such psychologists are dangerous becaust' they are 
cloaked by the known reliability and validity of the Rorschach test and they 
forget, as do those who trust them, that this reliability and validity of the Ror- 
schach teat is not of the ti'st itself but of the tost in the hands of w(‘ll-trained 
and competent inve.stigatorH. In other words, the Roiwhach t(‘st is definitely not a 
foolproof test. I know of no way in wlmdi it can be made so. There will always 
be untrained people who will nevertheless consider themsehes to be adequately 
trained and we have no social techniques with which to prevent them from con- 
sidering themw'lves in this light. 

1 do not mean to imply by this foregoing recommendation that 1 have any lac*k 
of faith in the so-called paper-and-pencil test. I am a little impatient with the 
derogation of these tests that is so common. It is true that these tests have been 
u.sed unwist'ly, perhap.s in more cases than those in which they have been used 
well, but this is true for practically any kind of scientific instrument. I have 
just pointed out that the Rorschach test, which is certainly valid, may also be 
used unwisely. I do not consider .this sometliing against the test Even the 
paper-and-pencil tests that are very /requently condemned as atomistic by various 
psychologists need not be, if they Are used by a person who knows how to use 
them. I would use the analogy herfe with the surgical scalpel. In the hands of a 
skilled surgeon it is a wonderful instrument; in the hands of the layman it is 
dangerous. 1 think that the parallel applies very well to personality tests. If a 
person approaches the study of personality W’lth a holistic attitude, then he can 
use msely and practically any datum, however obtained, simply by putting it 
into its proper place in the total context. It is not his fault that other people 
may use precisely the same data as simply a kind of aiithmetical sum of the sep- 
arate traits or as isolated bits of information. 

Finally, I wish to say a word about a basic question that is, I am afraid, em- 
barrassing for most of us no matter what our training. This is the question of 
the interview, 1 myself must confess to relying more upon my interview than 
upon any tests or combination of tests, and still at the same time I must recog- 
nize various obiections to this procedure. I suppose we would all agree that an 
experienced and well-trained psychiatrist or psychoanalyst, or psychologist, can 
det^t more in a short half-hour or hour interview than can be detected by a 
w^fipe squadron of mechanically minded testers. But at the same time, this per- 
sdn' A^not ord’narily tell exactly how he derived this information nor can he 
f)ead'}^ teach others how to do it. It is my experience when I have asked these 
good interviewers just why they came to a certain conclusion, that if they were 
ompleteiy honest, they would say “I do not know,” and that others would give 



MURPHY: DETECTION OF PERSONALITY IMBALANCES 603 

me various statements that I have generally considerecl to be purr rationaliza- 
tions. Because of this I have come to the conclusion that the good interviewers 
get good results in spite of not knowing how they get them. 1 refer you to the 
work of Dr. Werner Wolff on the subject of intuition wluch will certainly throw 
a good deal of light on this phenomenon which I have just mentioned. 

As things stand now, we do not have a situation in which we can simply tram 
people to do a certain job. Certain people, I believe, can never lie trained to l>e 
good interviewers simply because they must be certain kinds of people them- 
selves. So the situation arises m which most of us are willing to make recom- 
mendations for other people that we do not apply to ourselves, simply, J 8 uj)j) 08 e 
we must confess, because we trust ourselves more than we do otlier people en 
masse. Perhaps for the sake of avoiding the miwleeds of those people wdio are 
sure they are good interviewers and who actually are not, it might be well for 
all of us to a^ee, no matter what our faith in ourselves, to supplement our inter- 
views by various other more mechanical, more objective techniques if only to 
check our interview impressions. 

Finally, I cannot resist saying before this audience that 1 think that ultimately 
all the personality tests that we now have available will become invalid for the 
simple reason that practically all of them can be faked. Malingering is possible 
in all of them even though it may also be difficult. My oWn feeling is that ulti- 
mately we can and should develop non-malingerablc personality U*8ts and thes(‘ 
1 feel will be mostly physiological, or if you prefer, psychosomatic. The various 
indices of tension, of autonomic reaction, and th(‘ like, cannot be faked except 
with the utmost difficulty. It is here that I myself would wisli to look for the 
ultimate answer to the aiagnosis of personality. When 1 first had this thought 
years ago, and thought of working in this direction, it was so wild an idea that 
I didn’t dare speak about it to anybody. In the last year or two, however, it has 
become quite acceptable and, as a matter of fact, one could make a clear case on 
this very day for a battery of physiological tests which could do the job with only a 
little more research. I tnink as it stands today, such a battery would be exceed- 
ingly unwieldy and take far more time and also have rather Questionable results, 
but it IS already clear that we arc going in this direction \na, furthermore, that 
we can go farther m thjs direction. 

I myself am now working on the standardization of a paper-and-pencil test 
that is based directly upon the fact that there are somatic expressions of jierson- 
ality maladjustments. This test is in actuality a conc(*aled test of emotional 
security and it is presented in such a way that no jierson yet has suspected its 
ulterior motive. Perhaps this is another possible answer to the question of faking 
tests. The usual personality test tells very clearly what it is seeking to find out. 
For the person who does not want this to be known, it is very obvious that he 
can slant his answers in a direction that is to his own benefit. 


Dr. Morris Krugnuua {Bureau of Child Guidance, New York, N. Y,): 

As one struggling daily with the problem of early detection of personaJity dii^ 
orders, I agree wholeheartedly with the major aspects of personality and their 
methods of evaluation, as outlined by Dr. Murphy: the subject’s way of sc‘eing 
himself and the world, the egO structure, behavior and expressive mov(*irients, and 
psycho^alytic mechanisms. The only exception, perhaps, to wliolehearti d agree- 
ment, is the last grouping, which pervades and overlaps the others. Since the 
psychoanalytic mechanisms are, or have been, the proyinev of tlu‘ psychiatrist, 
some would argue that the psychologist should limit himself to intellectual as- 
pects of personality, leaving the affective to the psychiatrist. Perhaps this is a 
question a psychologist .should not bring up. Actually, this is not an emharrass’ng 
subiect for a psychologist. His methods of attack on the problems of personality 
evaluation are sd different from that of the psychiatrist that many psychiatrists 
seek the psychologist’s evaluation both for the leads it affords him, and for the 
confirmation he so often desires. Furthermore, as clinical service and personnel 
proceduces are organized today, the psychiatrist is apt to deal only with the more 
serious personality aberrations, while the psychologist frequently deals with the 
genera] run of humanity, often acting as the screening agent and passing on to 
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the p^chiatriet thoee individuiUe who are, or seem to be, seriously disturbed. At 
least, that is the way it functions in the organization with which 1 happen to be 
connected, where psychiatrists and psychologists work side by side. 

Referring specifically to the techniques mentioned by Dr. Murphy, their present 
status can be roughly classified into three groupings: (1) those that are useful 
today, having demonstrated their clinical validity; (2) those that seem to have 
possibilities ^r usefulness, but have not as yet demonstrated their clinical valid- 
ity, so that they cannot, as yet, be used as clinical tools; and (3) those that have 
proven of little or no value, or which do not add much to other techniques in 
use. Very few are in the first group. As Dr. Murphy has indicated, the Ror- 
schach is outstanding among these. The autobiography, used as Murray did in 
his studies of personality, is another. These are useful because they are global in 
nature, because they permit the subject wide scope to project his personality, and 
because there are no “right” or “wrong” answers which an intelligent subject can 
control. Another important consideration with these two techmques is that, in 
the words of Dr. Murphy, “final judgment must depend upon clinical insight and 
integration of data.” One of the weaknesses of some of the other techniques 
listed is that they rely solely upon “objective” scores, and not enough on clinical 
insight. It is my guess that personality will not be measured by one or several 
numerical scores without the use of the clinical insight of the examiner. 

The second gfoup, that which has demonstrated possibilities, but which will 
require much research before the techniques can become clinically useful, in- 
cludes, in the main, the dynamic apmoaches, the global attacks on the problem, 
and the projective techniques. The Thematic Apperception Test, tlie Cloud Pic- 
tures, and the various association tests are examples. The possibilities in this 
group are limitless, and Dr. Murphy’s suggestion that present known tests be 
developed rather than new ones devised, is sound. 

The third group contains the bulk of the pencil-and-paper personality tests, and 
the tests which purport to measure single traits. Most of these devices do not 
stand up in tests of clinical validity, and the reasons are obvious. The pencil- 
and-paper tests of personality, most of which contain direct questions about atti- 
tudes and feelings, need not be honestly answered by the subject. The single 
trait tests fall down because traits are not static — they vary so much under dif- 
ferent conditions that, in order to measure a trait adequately, it must be measured 
m most of these circumstances, and this is almost never done in practice. The 
introvcr8ion--extravcrsion scales, the asccndance-^bmission tests, the “neurotic” 
inventories, and the so-called “personality” or “emotions” scales fall in the two 
categories discussed under the third group. 

Under Dr. Murphy’s discussion of psychosomatics there is one possible omis- 
sion: the electroencephalogram, which seems to possess many possibilities for 
personality evaluation. In addition to diagnosing organic and certain psychotic 
conditions, there is the likelihood that some types of personality disturbances 
may show characteristic wave patterns. Electroencephalography is another area 
in which studies are now being engaged in by the psychiatrists, psychologists, 
neurologists, and physiologists, working in a manner suggested by Dr. Fraidc in 
his remar^. 

In addiUon to the techniques thus far discussed, we sometimes forget about 
the posubilities contained in the straight psychometric battery. In a child guid- 
imoe clinic, for example, a psychologist sees a child for three or four hours in 
individual examinations. Addra to observation and rating possibilities, a subject 
often yields clues about attitudes, feelings, relationships, etc., which help build a 
personality picture. Furthermore, test patterns, with which some research has 
been deme, although not enough, give valuable clues. Test discrepancies, peculiar 
or atypical reqxmses, differences of approach, changes in mood and tempo with 
. diffei^t tests, expressive movements, comments, reactions to content, types of as- 
spdmons. display of energy or lack of energy, etc., all yield important informa- 
tiqir about personality. Performance tests are particularly fruitful, since the test 
ataMpbars is much freer than during verbal testing. 

2 Tbeie are only a few of the possibilities for the early detection of personality 
fliilarbaiieMl. ' They may not yield a diagnosis, but they do yield important data 
fmk whldh djagitoeis ean be made, or, at least, faciliuted. 


THE DETECTION OF POTENTIAL PSYCHOSO- 
MATIC BREAKDOWNS IN THE SELECTION 
OF MEN FOR THE ARMED SERVICES 

By Lawbence S. Kubie 

College of Phyndana and Surgeons, Columbia University, New York, N. Y. 

INTRODUCTION 

The weeding out of potential psychosomatic casualties before they 
break is a problem in practical organization as well as in medical sci- 
ence. Therefore, this paper will have to deal with both topics. 

During the training period, psychosomatic disturbances constitute a 
heavier load in our military hospitals than do all other disabling con- 
ditions combined. To this initial load must be added a later crop aris- 
ing in men who have been wounded or at least exj)osed to combat con- 
ditiiuis, and in whom the slow evolution of a traumatic war neurosis 
finally focuses on a persistent psychosomatic complaint. This later 
group emphasizes the importance of immediate treatment of the trau- 
matic war neurosis during the acute phase. It is -d further importance 
from the point of view of tlie Veterans Bureau and of pension or com- 
pensation legislation, because unwise policies in this respect greatly in- 
crease the tendency toward the development of these delayed psycho- 
somatic fixations From the ptiint of view of the selective process, 
however, it is the training camp casualty that is of primary importance; 
and we shall confine our discussion, therefore, to the problem of the 
early recognition tif the registrant who is likely to develop a psycho- 
somatic* disturbance during his preliminary military training. 

The volume of this problem is staggering. It is encountered in 
every ward in every military hospital. From all come the same story: 
namely, that between 60 and 60 per cent of all patients are neuro- 
psychiatric disabilities with a psychosomatic component. An ortho- 
pedic surgeon who is a consultant in the Air Force said^ recently that 
in two years of service, during which he lias seen every supposed ortho- 
pedic case in a large area, not one turned out to be orthopedic; all 
were psychosomatic. 

This situation obtains in every branch of the service, on general or 
special medical wards, on surgical wards, and in the venereal disease 
stations. It is important to keep this fact in mind when reading army 

( 606 ) 
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or navy Btatistics, because with a misplaced sense of chivalry, on dis- 
charge from the services, these patients are given a camouflage or- 
ganic diagnosis. This not only renders our oflicial medical statistics 
dishonest and valueless; it also does direct injury to the individual 
patient, because it Axes his attention on a nonexistent organic illness, 
and puts into the hands of his neurosis an argument to block all sub- 
sequent efforts at therapy. Thereafter, he can always point to the 
^'organic’’ diagnosis in his discharge papers. 

Thus, we And ourselves confronted by an astounding situation. By 
conservative estimate, of the admissions to training camp and base 
hospitals (omitting actual battle casualties ) , about 60 per cent of army 
and navy medicine is psychosomatic. Yet not more than 1 to 2 per 
cent of the medical personnel has even a rudimentary psychiatric train- 
ing. Obviously, the patient cannot be treated fully in the service. 
How then can the potential psychosomatic breakdowns be recognized 
and kept out of the services? Before attempting to answer this ques- 
tion, we must consider what the psychiatrist looks for when he is trying 
to spot these conditions when they are fully develo])ed. This will give 
us a hint as how to anticipate them. The intjuiry must answer two 
questions: 

1, What are the processes by which disturbances generated at the 
psychological level of the body’s experience are translated into somatic 
dysfunction? 

2. What clinical combinations do we find of the various physiolog- 
ical disturbances and the different psychopathologi'*al settings? 

The processes by which psychologically generated tension states can 
be discharged wholly or in part through some disturbance of bodily 
function range themselves in a series of increasing physiological com- 
plexity. 

1. There are certain well-kiumn and banal physiological phenomena 
which are customarily looked upon as inevitable concomitants of con- 
scious emotional states, such as sweating, blushing, palpitation, dys- 
pnoea, and the like. Yet the association ol these symptomatic bodily 
states with conscious emotional processes should not be taken for 
granted merely because they frequently occur together. A more care- 
ful consideration makes it clear that these bodily phenomena are not 
intripsic components of any emotional state as such On the contrary, 
the^ primary physiological signiflcauce and purpose is to adjust the 
bod^Ap changing states of activity. They occur as necessary com- 
pomi^ of the total physiological pattern of flgliting, attacking and 
etc^—aJl patterns of l)ehavior which arise as a consequence of 
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emotion. Thus, when such bodily states as these occur “uselessly/' 
that is, when they occur as concomitants of an emotional state, but 
without any change in total bodily activity, they lose their hoinoeo- 
static function. Indeed, unless changed bodily states demand them, 
they actually disturb homoeostasis. They become more than useless ; 
they become destructive. This constitutes the first step in the disso- 
ciation of a physiological function from its primary, elemental pliysio- 
logical significance. In other words, the association between emotional 
states and such bodily phenomena as sweating, shivering, shaking, 
blushing, palpitation, dyspnoea, and the like, is the first of an ordered 
sequence of bodily substitutions, which leads ultimately to the most 
complex of the psychosomatic disturbances. If this is true, then, in 
any effort to predict psychosomatic casualties, the first task that con- 
fronts us is to ascertain how easily and under what psychological con- 
ditions any individual develops tachycardia, dyspnoea, sweating, 
blushing, shivering, and the like. 

The method by which this can be done on large masses of men with- 
out great loss of time is something to which we will return later. 

2. The next step in this process of dissociation is when these same 
commonplace physiological phenomena occur cither apart from any 
concurrent conscious emotional states, or in a seuing of weakly felt 
emotions. Here they are frequently spoken of as “emotional equiva- 
lents.” It is a current fallacy to speak of such pallid or absent emo- 
tions as “too weak” to account for the accompanying physiological 
phenomenon. This linguistic short-cut is unfortunate, because it tends 
to perpetuate the illusion that these physiological changes have their 
origin in the emotional state as such; whereas, as we have already 
pointed out, their direct quantitative relationship is with changes in 
bodily activity, and the link to the emotional state is only through a 
secondary conditioning. Therefore, the term “Emotional Equivalent” 
is another misleading oversimplification. 

It is important to emphasize the fact that both of these disturbances 
in the subtle equilibrium of the body are true psychosomatic phenom- 
ena, in the sense that through them tensions generated in the psycho- 
logical sphere are discharged partially or wholly. In both of these 
cases, tlie physiological mechanism employed is one that is frequently 
associated with emotional states. For this reason, they have errone 
ously come to be accepted as intrinsic and inevitable parts of the emo- 
tional process and thus their significance in the liierarchy of psycho- 
somatic phenomena is usually overlooked. 
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The methp^B of eliciting data concerning this second type of psycho- 
somatic disturbance will be discussed below. 

3. Next in complexity is the phenomenon in which psychological 
tension is discharged through a physiological mechanism that has no 
apparent emotional connotation at all. Examples of this are the ''hys- 
terical’’ anaesihesiae, paralyses, speech disturbances, trances, disturb- 
ances in orientation, and the like. Here the disturbed function has no 
direct relationship either to emotions or to bodily efifort. Instead, the 
orientation of the individual toward the outside world and his ability 
to communicate with others are disturbed; i. e., the organs of the 
ego, the instruments by which the ego experiences the outside world 
and communicates with it. Characteristically, these dysfunctions oc- 
cur in a setting in .which conscious emotions are relatively in abeyance. 

Clinically, this group is usually spoken of as the “conversion hys- 
terias,’* and the process by which psychological tensions are discharged 
through the organs of the ego is spoken of as “conversion,” reserving 
the term for this group, and not using it either for the simpler or for 
the more complex types of psychosomatic interrelationship. There 
may be some doubt as to the wisdom of setting this particular group 
apart by using a special name for the process, since this would carry 
the implication that the process of somatization at this level bore no 
relationship to the processes of somatization of simpler or of more 
complex nature. 

4. Still more complex processes of somatization are seen when the 
physiological disturbances involve organs in the interior of the body, 
hidden away from the direct knowledge or eyes of the patient. Con- 
cerning the functions of some of these organs (such as the stomach, in- 
testinal tract, or bladder) , the patient has some knowledge, since from 
them he can receive localized sensory impressions. Of others, however, 
such as the bone marrow, spleen, or meningeal vessels, he has no knowl- 
edge at all. These disorders comprise what are usually spoken of as the 
“Organ Neuroses.” 

Thus it is seen tliat the processes by which tension, generated on the 
psychological level of the body’s experience, can be translated into 
physiological disturbances, can be arranged in a continuous series from 
the simple to the most complex, varying at tlie same time from those 
th^ are most closely linked to conscious emotional states to those that 
oijfamrily seem to be purely apperceptive, somatomuscular, or Intel- 
ktibkA, imd also from the most completely conscious to those most 
remote tmEXi consciousness. As we have already observed, it has been 
traditional In medkine and psychiatry to give different names to the 
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various stages of this continuous series. This has the didactic value 
of differentiating the different degrees of complexity sharply from one 
another. On the other hand, unless there is some over-all name for 
all, one is likely to forget that they are part of a continuous series of 
phenomena and to look upon them as fundamentally different proc- 
esses. Probably, the best name to use is one that is most descriptive, 
least connected with any specific phenomena by past associations, and 
therefore least controversial. For such an all-inclusive name, we pro- 
pose the term '‘somatization,'* using it as the name of any process by 
which a partial discharge of psychological tensions can occur through 
the somatic representation either of the emotion itself, or of the exter- 
nal relationships involved, or of the conflict out of which the tension 
arose, or, finally, of the instinctual functions whi^h gave rise to the 
conflict. 

We shall see that the recognition of these four basic types of somati- 
zation is only the first half of our nosological problems. Nevertheless, 
it is convenient, at this point, to stop and consider how, under wartime* 
conditions, it might be possible to assemble information of this nature 
about men who are to be evaluated for duty with the armed forces 

METHODS OF ASSEMBLING INFORMATION FOR 
PURPOSES OF EVALUATION OF MANPOWER 

One would naturally think first of the possibility of using standard- 
ized physiological tests. Tlieoretically, tests might fie evolved which 
would indicate quantitatively in any individual the susccjitibility of 
each organ system to conscious and unconscious emotional influences. 
Unfortunately, however, the fact of the matter is that such tests do not 
exist. Nor is it entirely certain that siich tests can ever be devised. 

In the first place, since no human beings are etjually sensitive to all 
affective stimuli or, in all phases of human life, the test methods for 
setting off emotional reactions would either have to Ik* so varied as 
to touch off all possible sensitive points, or else, before the test, each 
subject would have to be studied sufficiently to discover in what areas 
he was sensitive, so that the tests could Ik* directed toward those par- 
ticular grooves. Clearly, this is not a practical plan when dealing in 
terms of millions of men. 

Secondly, while under laboratory conditions it is relatively easy to 
induce acute emotional stresses, it is difficult if not impossible to set 
up experiments which would simulate or reproduce the long-continued 
chronic emotional strains to which men in the armed forces are sub- 
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jected. Indeed, in many respects, the laboratory with its implications 
of security and protection can hardly bring to bear on the individuals 
to be tested any emotional forces that are true equivalents of those that 
confront men in battle. For these reasons, quantitative studies of 
physiological responses to experimentally induced emotional states 
may not prove to be as promising a field of experimental investigation 
as a casual consideration might lead one to hope. 

If, on the other hand, one attacks the problem of physiological tests 
from a different angle, and subjects the individual to physiological 
stimuli, one may readily secure constant and reproducible data. In 
turn, tins may make it possible to classify individuals according to the 
degree of their physiological responses. On a priori grounds, it is rea- 
sonable to expect that an individual who is hyperresponsive to a physi- 
ological stimulus niiglit also be hyperreactive in responses to psychic 
stimuli. However, this is not necessarily true for all, so that in each 
case it would have to be tested. On the other hand, negative data 
would seem to be wholly lacking in value. That is to say, it need not 
follow that individuals who are not hyperreactive to physiological 
stimuli would necessarily be similarly stable in their responses to 
psychic stimuli. Therefore, such tests might be expected at most to 
weed out only a small group of positives (individuals who were hyper- 
responsive to both ) , while allowing another group of potential psycho- 
somatic casualties to go through unrecognized; namely, those who are 
not hyperresponsive to physiological stimuli, but who are hyperreactive 
when under the influence of psychic stresses. 

Obviously, therefore, any physiological tests will have to be stand- 
ardized against psychological factors. And the only wholly valid 
way of doing this w'ould be by checking physiological tests against 
both the past and the future. That is to say, the subsequent medical 
histories of tested individuals should be followed throughout their 
period of service in the anned forces, both under combat conditions 
and afterward. At the same time, a careful past physiological history 
of each such individual should be recorded, so that the physiological 
tests could be correlated with all past information as well. In this 
way, it would be possible to estimate the usefulness of such tests, when 
Applied at the moment an individual stands between the past stresses 
Ipd strains of civilian life and the future uncertainties that await him 
ilk the army or navy. 

It wUt be clear at once that this is a research project. It is not one 
that can be tried on ten million men. But it could well be tried on 
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unselected samplings of those ten millions of men, picking the sample 
groups according to age, types of service, and the like. 

Unfortunately, in this situation, a short-cut that can be used in the 
validation of certain other tests is not applicable. As Dr. Fremont- 
Smith has pointed out, there is a method of speeding up the process of 
validating many selective tests. Instead of watching the later course 
of the tested individuals over months or niany years, an immediate 
partial validation can be made by subjecting to the tests individuals 
who have passed unscathed through severe combat experiences and by 
testing a contrast group of individuals who have broken under the 
same stresses Unfortunately, in this particular type of disorder, this 
short-cut is not usable, because once a man’s physiological mechan- 
isms have decompensated, any tests of those functions will measure 
only the extent of the decompenbation, and will ^ive no indication as 
to what the same tests might have shown before his breakdown. 

Thus, we arc drawn inescapably to the conclusion that, whether for 
the validation of physiological tests, or for a direct evaluation of indi- 
vidual registrants, a careful jisychosomatic history cannot be dispensed 
with. It is a truism that a diagnostician is only as good as the history 
that he takes. In the field of psychosomatic medicine more than in 
any other, an accurate evaluation is impossible without an anamnesis. 

Yet no system of induction can provide time lor a slow and pains- 
taking questioning of each potential soldier separately, either by a 
physician or even by trained clerical aids. Ten million men in the 
armed forces mean twenty million men to be examined and twenty 
million histories to be gathered Clearly, if this is to be done, some 
short-cut must be devised. 

For every medical history, its form and the method hy which it is to 
be gathered, varies with the purposes it is to serve The history that 
is gathered for therapeutic purposes cannot be used unchanged for the 
selection of troops. An entirely different methodology is nee<led. So 
obvious is this, that it is a disgrace that neither the army nor the navy 
has ever realized that special methods of medical history-taking must 
be developed for use in connection with the selection pf troops, nor 
that special personnel must be trained ill their use. 

I wish to digress a moment to say that there is a reason for this 
shocking and costly oversight. The reason is that the taking of med- 
ical histories is a natural function of physicians, and that physicians 
of the armed services, like the physicians of civilian life, are concerned 
primarily with therapy. Even those who, in times of peace, are at- 
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tached to recruiting of&ces serve there only temporarily and look upon 
this as an unimportant and unpleasant temporary chore. This state 
of affairs will continue until a wholly separate division is built up, both 
in the army and in the navy, consisting of physicians, psychologists, 
psychiatric social workers, penologists, and statisticians, whose exclu- 
sive function through peace and war will be to work out better meth- 
ods of medical selection, to train a specialized personnel in their use, 
and to supervise their administration. We shall return to this organi- 
zational problem below. 

To be useful, history methods must meet certain obvious prantical 
needs: 

1. They must.be formulated in simple questions that can be an- 
swered Yes or No by the registrant himself with little or no help. 

2. They must be arranged on a form that can be read and scored 
rapidly, perhaps by mechanical devices. 

3. They must be asked in such a way as to give no lead as to which 
answer indicates sickness or health. 

4. They must be drafted in such a way that the eye of the examin- 
ing military physician can pick up significant answers instantly as he 
runs down the side of the page. 

Such forms and methods are quite possible to work out. Illustrative 
approximations will be presented in a moment It should be kept in 
mind that, in the process of inducting soldiers and sailors into the army 
and navy during an emergency, the registrants Ktand around for hours, 
awaiting their turn to be questioned and examined. At present, these 
hours are wasted, when they could be used for filling out just such 
forms as these. Trained civilian aids, circulating among the regis- 
trants, could assist those whose knowledge of reading and writing was 
so limited as to hamper in any way their use of the forms. Such a 
simple device as this Ims proved most useful in Canada. 

It is also possible to have similar or identical forms filled out by fam- 
ily physicians, or by reputable outpatient clinics or hospitals. The 
forms could then be brought or sent to the induction station, for 

Hefore drawing any conclusions, however, it will be necessary to 
eva^tf avery element in ibe history form by checking each of tbem 
against tiba future physical and mental health of men in the services. 
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The material gathered from such questionnaires falls into four clin- 
ical groups. These groups represent four different ways in which the 
body could be involved in the process of somatiaation. At the same 
time, the four groups correspond to four basic physiological and psycho- 
logical constellations. 

External Somatizations, involving the external structure of the 
body which relate the individual directly to his environment, to wit: 
striated and skeletal musculature, secretory and vascular structures of 
the skin, organs of speech, distance and skin receptors, organs of kin- 
aesthetic sensation and of equilibrium. These structures together 
subserve the external relationships of the individual, his orientation in 
space and perhaps in time, his ability to communicate with others, the 
sensory impressions that reach him from the external world, and his 
conscious orientative faculties. The process of external somatization 
is what has been called ^‘hysterical conversion.” 

Internal Somatization s, involving internal organs such as heart, 
blood-vessels, respiratory organs, gastrointestinal tract, glandular 


Quiqstionnaibb 1 


If you get upset in any way (that is, h^py, gloomy, 
angry, afraid, tense, amused), do any of these things 
happen to you? 

Does your heart beat fast? 

Does your heart pound? 

Does your heart pound in your head? 

Does your heart pound in your chest? 

Do you breathe fast? 

Do you sweat all over? 

Do you sweat in your face? 

Do you sweat in your hands? 

Do you feel hot? 

Do you feel cold? 

Do you 
Do you 

Does your skin break out? 

Do your eyes water? 

Do you cry? 

Does your nose run? 

Does your mouth ^ dry? 

Do you have to urinate? 

Do you have to have a bowdi movement?. . . . 

Do you feel sick at your stomach? 

Do you get hungry? 

Do you get constipated? 

Do you get a stomach ache? 

Do you have cramps? 

Do you have pain any place? (Specify where) 

Do you have headaches? 
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Questionnaibb 2 


Dom it ever happen to you that, wUhoui feelitui upaei 
and, for no reason tJiat you know of, any of the foUowing 
things happen to you: 


Does your heart beat fast? 

Does your heart pound? 

Does your heart pound in your head? 

Does your heart pound in your chest? 

Do you breathe fast? 

Do you sweat all over? 

Do you sweat in your face? 

Do you sweat in your hands? 

Do you feel hot? 

Do you feel cold? 

Do you get gooeeflesh? 

Do you shiver? 

Does your skin break out? 

Do your eyes water? 

Do you cry? 

Does your nose run? 

Does your mouth get dry? 

Do you have to urinate? 

Do you have to have a bowel movement? 

Do you feel sick at your stomach? 

Do you get a stomach ache? 

Do you nave cramps? 

Do you have pain any place? (Specify where) 
Do you have headaches? 


No 


Yes 


Questionnaire 3 


Have any of the following things ever happened to you 
for a short time for no reason that you or the doctors 
were able to find out? 


No 


Yes 


Have you ever been delirious? 

Have you been delirious often? 

Did you ever forget where you were? 

Did you ever forget who you were? 

Did you ever for^t what you were doing? 

Have you ever lost the senie of feding in any part of 

your body? (Specify, arms, legs, etc.) 

Have you ever lost the use of your eyes? 

Have you ever lost the use of your ears? 

Have you ever lost the use of your arms or legs? 

Have you ever lost the use of your voice? 

Have you ever had the shakes all over? 

Have^ou ever had the shakes in your head? 

HaviiS^ ever had the lihakes in your arms? 

Have .ever had the shakes in^ur legs? 

DM yeti ever sleep-walk at nightf 

Did you ever sktep*walk in the daytime? 
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QUSSTIONNAIIUB 4 


Have you ever had any of the fol- 
lowing troubles? 


No 


Indigestion? 

Heart bum? 

Belly ache before eating? 

Belly ache after eatingf 

Takmp soda? (Bicarbonate) 

Constipation? 

Take cathartics? 

Diarrhea? 

Belching gas? 

Breaking wind? 

Difficulty in urinating? 

Hard to start the urine? 

Hard to hold it? 

Have to urinate frequently? . 

Having to get up at night: 

Burning in the bladder? 

Bed-wetting? 

Hay-fever? 

Asthma? 


Yes 


Once 


Fre- 

quently 


A long 
time ago 
only 


Coughs? 

Heart palpitation? 

Shortness of breath? 

Cold Sweats? 

Fainting? 

Itching: 

Hives: . .... 

Skin eruptions? 

Sick headaches? 

Difficulty having erections? . . 

Difficulty having ejaculations? 

Difficulty keeping erections? 

Losing semen without erections?, 
loosing semen while having bowel 
movements? 


QUISSTIONNAI BE 6 


Have you ever had any of the fol- 
lowing troubles? 

No 

Yes 

Once 

y A long 

quently 

Insomnia? 

Inability to fall asleep? 

Inability to stay asleep? 

Constant sleepiness? 

Sleeping in the daytime and not at 

night: 

Inability to stay awake? 

Fatigue? 

General weakness? 

Staying in bed in the daytime? 

Fainting spells? 

Diz^ spells? 
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structures, etc. Clinically, physiologically, and psychologically, dis- 
turbances in this group have far-reaching secondary effects on the 
health of the body as a whole. For this reason, and because of the 
mystery that attaches itself to the unseen interior of the body, they 
are suliject to extensive fantastic elaborations, and are seen in serious 
psychotic or prepsychotic settings more frequently than is true of ex- 
ternal somatisations. 

Instinctual Somatizations, involving the apertures of the body, 
to wit: the organs of intake and output for food and air, the swallowing 
mechanisms, the appetites, and all genital functions. Physiologically, 
psychologically, and topographically, this group is transitional between 
the first and second. These areas of body apertures directly serve in- 
stinctual needs and discharges. They involve external relationships 
but on an elemental level. They involve internal vegetative functions 
less directly than do the internal somatizations. They have obvious 
special psychological importance. 

Diffuse Somatizations, involving the entire body as a whole, with 
relatively little, or else transient emphasis on any of the specific body 
areas or organs. 

It would be much simpler for us if we could say that each of these 
four general categories of somatization tend to occur in association 
with a single psychopathological setting. Unfortunately, however, 
nature is not that obliging, and, although there may be a tendency for 
a greater frequency of association between certain types of somatiza- 
tion and certain types of psychopathology, in dealing with any indi- 
vidual case, it must be kept in mind that any, one of these somatiza- 
tions can occur in practically any one of the major categories of such 
pathology. 

Therefore, if we are to make a total clinical evaluation of any indi- 
vidual who is suffering from a fully evolved psychosomatic disorder, 
we must recognize, not only the nature of the process of somatization 
itself, but also the nature of the general psychopathological setting in 
which it occurs. And, if we arc to predict the psychosomatic break- 
down, we must evaluate not only the potential somatization but the 
mental and emotional make-up as well. For an approximate charac- 
terisation of this total picture, therefore, the psychopathological setting 
may^be divided into four major categories. 

> ^ 1. The psychoneurotic constellations. 

^ ‘ 2. Neurotic behavior disorders. 

3. Psychopathic behavior disorder. 

4. The psychoses. 
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The general significance of these four categories will be clear to all 
of us. It is not necessary here to present the argument for the group- 
ing of the psychoneuroses into a general category of psychoncurotic 
constellations, nor for the differentiation between neurotic behavior 
disorders and psychopathic behavior disorders. Out of these relation- 
ships, however, the following general diagnostic diagram may be 
evolved: 


Classification of Psychosomatic iNTEassLATioNSHiPs 


OsQANic Phenomena 

PSYCHOLCGICAL SETTINGS 

Susceptibility (to trauma, infections, 

Personality Typology and 

circulatory disturbances, biochemical 

“Constitution” 

disturbances and deficits, new 
growths, etc., etc.) 

(Not worked out) 

SOMATIZATIONS 

Psychopathology 

External \ 1 

^Psychoneurosos 

Internal f 

} Neurotic behavior disorders 

Instinctual ( , 

I Psychopathic behavior disorders 

Diffuse j 1 

(Psychoses 


If we stop at this point to review the steps by which this chart has 
been built up, we will think, first, of the successive degree of complexity 
in the process of somatization ; second, of the four areas of body topog- 
raphy and function that may be involved in the process of somatiza- 
tion, and, finally, of the four major psychopathological categories that 
may constitute the setting for any one of these. It becomes obvious 
that the diagnostic evaluation of a fully developed condition can be 
made only on the basis of a thorough review both of the somatic med- 
ical history and of the psychiatric medical history of th^ patient. If 
this is true when a full-fledged psychosomatic disturbance confronts 
us, clearly it must be even more true in the effort to evaluate a poten- 
tial breakdown before it has occurred. And as we have said before, 
to make this possible is a problem in organization as well as in science. 
Science can give us only a clear picture of our goal. Organization 
must bring us toward its realization. 

THE PROBLEM OF ORGANIZATION 

This, then, is our thesis. The prediction of psychosomatic break- 
downs is a vital necessity for the armed services themselves. Such 
predictions can be made only off tite basis of careful somatic and psy- 
chiatric medical histories. The gathering of such historical data on 
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millions of men during a period of acute emergency cannot be carried 
out as though they were ordinary therapeutic medical histories. It de- 
mands special methods, a carefully planned organization, and a spe- 
cially trained personnel. This organization the military services 
themselves must provide, even if it means that they must revise in toto^ 
the existing apparatus of medical selection. Indeed, the urgency of the 
problem is in itself the most compelling argument for the immediate 
necessity of such revision. 

We are operating today under the shadow of an antiquated and out- 
worn recruiting system that should have been discarded years ago. 
Our peacetime recruiting routine is incredibly slipshod. It is tolerated 
in times of peace because of the habitual inattention of a peaceful 
democracy to the workings of its military organization, and because 
the numbers involved were so small that the human and financial costs 
were small. Any man could be inducted who presented no obvious 
physical defect; and, if he should prove subsequently to be unsatisfac- 
tory, either psychiatrically or physically, he could be returned to 
civilian life with relatively small loss to him and practically none to 
the community. The war emergency has been met merely by increas- 
ing somewhat the medical personnel to administer the same inadequate 
peacetime procedures. 

It is intolerable that this should be allowed to continue, when prac- 
ticable and time-saving methods can rapidly be installed that will 
vastly improve the quality of somatic and psychiatric screening. 

I will close by presenting to you for your consideration the outline 
of a plan for a remodelling of this whole procedure. 

1. In the Army and in the Navy, and in the Air Force, too, if it 
should continue to function in selection as a more or less separate 
branch of the services, there should be an independent department 
whose sole concern should be the processes of selection and classi- 
fication. 

2. Such a department should be responsible directly and exclusively 
to the Secretaries of War or Navy, as the case may be, and to the 
Chiefs of Staff. 

3. This department should have charge of all matters having to do 
witlw>ersonnel intake and subsequent classification within the services, 
butJl IB only the intake part of its duties that I am going to discuss. 

4 . Vhe department should consist of: (a) physicians representing 
all specialties with special emphasis on psychiatry; (b) psychologists; 
(c) €gq>erieiiced social work administrators; (d) penologists; (e) statis- 
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ticians; (f) experts in the use of all types of time-saving punch-card, 
automatic scoring, and other business machines. 

5. A subdivision of the department should be concerned constantly 
with research directed toward the development of special rapid meth- 
ods of physiological and psychological selection, testing out methods 
on peacetime armies, on National Guard regiments, and the like. 

6. A subdivision should maintain cumulative records that would 
enable it to follow up all men who have been tested, in order to check 
the value of the tests. 

7. A subdivision should work constantly with large cities and with 
the various states of the Union, aiding and advising them, and, if neces- 
sary, subsidizing them, in the development of standardized methods of 
personal identification, and in the organization of .centralized files of 
all commitments to state institutions, of general hospital diagnoses, of 
all penal sentences, court records, records of institutions for the feeble- 
minded, classes for the feeble-minded, alcoholic commitments, cen- 
tralized social service exchanges, and the like. 

8. This subdivision should hold practice mobilizations in times of 
peace, m which it would test the speed .with which all such material 
could be gathered on one hundred thousand individuals from various 
parts of the country where local conditions vary. (It should be ob- 
vious that, in an emergency, the mobilization of inionnation on man- 
power is quite as important as the mobilization of manpower itself; 
yet this seems to be a matter that has been left entirely without atten- 
tion from Congress or from the armed services.) 

9 A subdivision should be toncerned with the development of his- 
tory forms such as those I have already discussed and illustrated, de- 
signed to bring rapidly into sharp relief information on the basis of 
which a psychiatric, a somatic and a psychosomatic evaluation of man- 
power can be made 

10. A subdivision should be concerned with setting up and train- 
ing a corps of reserve selection officers. This corps would consist of 
physicians, psychologists, and social workers who would not be drawn 
into the armed services because of age, sex, physical disability, or for 
any other reason, and who, therefore, would be available in an emer- 
gency to assist in the process of selection. Such reserve officers would 
be trained in the utilization of the methods that are evolved, and would 
be supervised in their actual work by regular members of the services. 

At this point, the military may raise objections to the use of a corps 
of civilians, even thougli trained, for this vitally important selective 
function. To such an objection, one may reply that this plan deals 
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honestly and frankly with a problem about which the Army and Navy 
are deceiving themselves. Just at the moment, when in an emergency 
the military forces are expanding rapidly, and when civilian physicians 
with flabby muscles and callouses on their seats are being hardened 
and trained for the rigors of military life, all regular medical officers are 
needed with the troops in training camps and in battle areas. There- 
fore, at such times, it is impossible for the Army or Navy to man the 
induction or enlistment offices with an adequate medical personnel ex- 
perienced in military matters and military selection. 

Although the Army and Navy do not confess this in words, they 
admit it in practice; because the induction and recruiting stations are, 
in fact, manned predominantly by a mixture of contract civilian doc- 
tors, most of whom have never seen any form of military service, and 
by recently enlisted physicians whose military experience is measured 
in weeks or months. 

Thus, the plan presented here has obvious advantages over the exist- 
ing sham in that it provides for a personnel trained by and supervised 
by experienced regular officers of the armed services. 

11. Finally, a subdivision would be concerned with the organiza- 
tion of mobile selective units whose duty it would be to provide ade- 
quate selective service in areas of the country that lack a local profes- 
sional personnel. 

12. In times of peace, the major branches of the armed services 
may find it best to maintain separate agencies for this work. In 
periods of emergency, however, these agencies may find it expedient to 
pool their resources under an over-all War Manpower Board, so that 
all medical and psychiatric information would automatically become 
available, as needed, during the emergency for evaluation for combat 
service, for industry, and for agriculture, and, after the war, for de- 
mobilization and the return to civilian pursuits. With such an organi- 
zation as this, a job of medical selection for the armed services could 
be done of which we would not have to be ashamed, as we should be 
ashamed of the present state of affairs. We would no longer waste the 
time of our training camps and clutter up our military hospitals with 
individuals with histories of repeated commitments, w^ith individuals 
who at the time of induction were drawing pensions from the Veterans 
Bu^u as disabled veterans of the last war, with individuals with 
8ti||ing incapacitating physical illness, and with a staggering burden 
qf iii|ividual8 suffering from predictable psychosomatic disturbances. 

To those of you who would say that it is too late to do anything 
about it this time, I would reply that we have been told by the Presi- 
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dent that we may expect the addition of another three or four million 
men to our armed forces. This means the evaluation of twice that 
number. Clearly, it is worth while doing this well. 

And to those of you who say that it can’t be done in time of war, I 
would answer that the minute this war is over we will all lapse into a 
state of indifference to military matters, and into a preoccupation with 
our ordinary civilian peacetime pursuits. It is now or never, if we 
want to get anything done. As Clemenceau said, '‘War is too serious 
a business to be left to the laissez-faire of the military mind.” 

DISCUSSION OF THS PAPER 

Dr. Bela Bfittelznaim {Cornell Unioereiiy Medical College, New York, N. Y.): 

It is possible to arrive at a fairly reliable estimate of aa'individuals fitness for 
the armed services by conducting a psychiatric interview lasting about ten or 
fifteen minutes. The main features of the interview are as follows : 

1 . The examiner should have in mind all sinaificant disturbances that would 
make the individual unfit for service. Many individuals reveal no obvious serious 
psychopathology or psychosomatic pathology unless directly asked about it. If 
the examiner does nut do this, even such veiy serious disturbances as epilepsy or 
manic-depressive psychosis may be missed. The only way this can be prevented 
from occurring frequently is for the psychiatrist to make certain, before he decides 
that the selectee is fit, that he has asked him about all significant disturbances. 

2 . In the customary interview under civilian circumstances, a considerable 
spontaneity is allowed to the individual. It is useful to retain as much of this 
spontaneity as possible in the quick interview also, otherwise the selectee becomes 
too constrained and the significant information may be missed. However, con- 
trary to the civilian interview, the selectee should not be allowed to elaborate on 
detail or talk at length on indifferent material. As soon as he begins to do this, ‘ 
the examiner should change the topic to something significant. 

3 . In determining what may be significant, both when the selectee talks spon- 
taneously or when the examiner chooses a topic, the selectee's emotional reaction 
18 a good guide. As soon as he shows embarrassment, anxiety, sadness, evasive- 
ness or contradiction, the examiner should follow the lead. 

4 . Certain areas of activity are particularly fruitful sources of information. 
Thus, the question of physical and psychological subjective complaints, family re- 
lationships, occupational history, and brief childhood history are particularly use- 
ful sources for quick pointers. 

5 . The individual's assets are as important to evaluate as his liabilities. It is 
obvious that a mild symptom of anxietv in an individual, who has always been 
more or less dependent, ineffectual and unreliable, should be considered much 
more disqualifying than moderate anxietv in an individual who has always been 
resourceful, ambitious and reliable, and who has been able to cope with emergency 
situation. 

Dr. Battlna Warburg ( New York, N. Y.): * 

Such group tests as these that have just been suggested by Dr. are 

doubtedly necessaiy in the face of the present emergency and, with certain modifi- 
cations, might form a good basis for the coarse screening out of potential neUrc^ 
ps^hiatric casualties. 

The importance of careful selectkia cannot be overemphasised. According to 
a recent issue of “War Medicine," ( 1 ) five per cent of all enlisted men and 
trainees in World War I showed evidence of some psychiatric disorder prior to or 
after induction; ( 2 ) over half of the patients now in veterans' hospitals suffer 
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from neuropoychiatric disorders; (8) in the pi^ 14 years, the government has 
igxmt one billion doUars m canng for these patients in compensauon; (4) neuro> 
psycbiatne casualties are known to result m permanent disabilities 16 times more 
trequently than any other type of illness; C6) every neuropsychiatnc casualty 
due to this war will cost the government approximately thirty thousand dollars. 

The need for careful screening by all available methods is therefore evident 
both from the point of view of the efficiency of the armed services and of the ulti- 
mate expense to the government. As Dr. Kubie has stated, individuals with trau- 
matic neuroses are the more likely to become ^‘chronic veterans” if they are dis- 
charged with a diagnosis of organic disease rather than of neurosis. They become 
difficult to rehabilitate for other types of war work, since they believe their con- 
dition to be organic. Further, they demorahse their surroundmgs if they are 
well enough to be at home and become a focus for bad morale. A correct diag- 
nosis before or during the induction period, followed by adequate psychotherapy, 
could fit many of these men for industrial branches of the war effort. From' the 
scientific point of view, a survey of the intensive psychiatric treatment of such a 
group would provide us with much useful information in regard to psychosomatic 
disease. 

According to Dr., Kutiie's figures, the physicians with the armed forces arc more 
ready to acknowledge psychosomatic problems than are the doctors in civilian 
practice. The reasons for this arc obvious and need not be discussed here. 
Nevertheless, the attitude of the medical men is largely determined by the fact 
that the knowledge of the psychiatrists in this new field is still limited, and that 
much that has been done along the lines of psycliosomatic medicine is still in 
the fact-finding stage. 

Many general conclusions have been based upon the superficial observations 
made dun^ only a few interviews with the patient. These often indicate ap- 
parent similarities in the emotional difficulties of various patients suffering from 
the same disease. As yet, the necessary proof of real stnictural identity remains 
uncertain and cannot be established until a great many patients have been studied 
by means of intensive psychotherapy for a prolonged ^riod of time, to clarify the 
problem of the deepseated emotional disturbances. The psychiatrist must learn 
to modify the techniques effective with neurotics and psychotics in order to apply 
them effectively to the patient with physical disease. 

Veiy little is known about the problem of somatisation. The familiar mani- 
festations of conversion hysteria are well understood by the psychiatrist from the 
emotional point of view, whereas there is no satisfactory physiological explana- 
tion for the somatic compliance. Similarly, certain emotional constellations arc 
thought to lie etiological for various organic diseases, whereas we are still in total 
ignorance as to why one organ rather than another was chosen to express these 
conflicts. Ultimately these problems will have to be clarified by co-operative 
work between the psychiatrists and the medical men in the general hospital. 

The immediate exigencies of the present situation force us to utilize what 
knowledge we have to the best of our ability, but it would be easier to devise 
tests if we knew more precisely what we were testing. We are forced to draw 
conclusions from very ^neral information given bv the patient, so that our capac- 
ity to make a precise diagnosis is very limited indeed. Nevertheless, we are able 
to utilise certain cardinal signs of psychosomatic instability for this purpose. It 
seems wiser to screen too carefully than not carefully enough. There is no doubt 
that the efiSciency of the armed services would be greatly benefited by eliminat- 
ing individuals in the borderline group. 

Dr. A. Mtg (New York, N, Y,): 

Dili Kubie’s ^per offers a number of challenging suggestions, such as the prob- 
lem^ el the differentiation of the body into outer and^inner surfaces, or that of 
iilitiiimve and general behavior, which provide a highly original approach to the 
ififBouit problem of psychoeomatic disease. One would like to diMuss also the 
differentiation between conversion hysteria and organ neuroses, for I believe that 
this is a difference in grade within a total phenomenon. However, the purpose of 
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this meeting is to find a diagnostic instillment for personnel selection. 1 will 
limit myself therefore to that aspect of Dr. Kubie’s paper. 

For the purpose of personnel selection, Dr. Kubie suggests the use of question- 
naires. Tliat, 1 believe, would be an enormous improvement on the present psy- 
chiatric methods used by the induction boards. It is to be assumed that Dr. 
Kubie himself, in drawing up his questionnaires, has intended to offer a first ap- 
proach that would be modified by empirical finding. One of the modifications 
that 1 might suggest is to include one or two simple tests that could provide us 
with answers to certain psychological problems. Such tests could be: 

1. The finger-temperature curve used by Mittelman, which could accompany 
the inductee’s interview with the physician and could take place without the in- 
ductee’s understanding its significance. 

2. The galvanometric response, which allegedly is inversely proportional to 
overexcitability or restraint of behavior. 

3. Dermography, which, like the pilomotor reflex (and most physiological tests), 
gives a measure of general somatic excitability and of the individual’s capacity to 
replace with ease, or not to do so, psychic phenomena by somatic ones. 

4. Hyperventilation might give information about the presence of convulsive 
diathesis. 

6. The possibility of using injections of drugs of the natuj'e of adrenalin or its 
opposite, mecholyl. 

The.se are tentative suggestions. They may serve to stimulate the discussion 
whether any of these, or some other physiological test, in conjunction with the 
questionnaires and other methods of investigations, might be of some use. 

The suggestion has also been made to use rapid Korschach methods. 1 am not 
familiar enough with the group Rorschach to be able to judge whether this is pos- 
sible or not. It would be a valuable adjunct to our investigation, if it could be so, 
A test presents itself to my mind that is fairly unknown in this hemisphere and 
that would be as uM'ful as the Rorschach for such purposes, but is a much more 
rapid one. This is the so-called Ssondy test. From what I have seen of it, it is 
incomparably more rapid than the Rorschach test, notwithstanding the fact that 
Us results are comparable to it m tlieir significance and in their yield. 

However, all the above-mentioned tests, including the Rorschach and the 
Saondy, hav(‘ one defect m common. By their nature, they all represent a hori- 
zontal section through the jiatient’s personality. Th^ yield only a diagnosis of 
the patient’s state at the viomenl the test is made. They are static and not dy- 
namic. They sliow no development. Therefore, none of these tests can ever in- 
form us whether the jjationt has always been as he is, or whether we are con- 
fronted with an incipient and more or less rapidly culminating outbreak, or 
whether wc are seeing the picture of a past disturbance that is on the wane. 

In psychiatry, any prognosis will depend on our capacity to understand the de- 
velopment of the personality. This will provide us with the possibility of predi- 
cating what is going to happen in the future, b^^!au8o to understana the develop- 
ment of the personality, we must understand the dynamic forces that are effec- 
tive in this entity. It is only by such understanding that we can make a re- 
liable guess as to the direction in which present findings will develop in the 
future. Dr. Kubie knows this perif^ctly well and therefore we find in his ques- 
tionnaires a number of questiops that are directed to the longitudinal section 
of the patient’s personality, or to his development, if you prefer. They represent 
what is usually known in psychiatry as an anamnesis, though of necessity one in 
a somewhat rudimentary form. 

How defective tests can be because of their static nature can be easily showm by 
examples. Even the best of these tests is known* to fail, particularly when we are 
confronted with a developing personality, as in adolescents. And it is with adoles- 
cents that the induction boards deal m an appreciable percentage. Let me give 
you an example of such a development : 

ExAMf»LB. BecauK of difficulties in school, a fifteen and a half year old young- 
ster W6e submitted to a particularly careful and expert Rorschach test. He was 
diagnosed as a psychopath, because the so-called human reactions in the test were 
few, whereas the intellect was completely intact. This Jed to the diagnosis of 
aaociality. 
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Two yeftff later, the game patient was submitted to a mental development test. 
The patient had become withdrawn and negativistic, and was therefore diagnosed 
as partially feebleminded. 

One year later, the patient had to be institutionalised. By now, delusions had 
develojM- At present, the patient is freelv hallucinating. 

No serious psychiatric disturbance would have been BU/q[)ected on the evidence ‘ 
of the Rorschach, unless two psychiatrists, who had seen the boy at the onset 
of ^e illness, had not evinced cautiously the opinion that this was a case of de- 
mentia praecox. That is what it turned out actually to 1^. 

From this brief case history, it is obvious that psychiatrists employ criteria for 
their diagnosis that go beyond the capacity of teste. It is a well-known fact that 
psychiatrists at all times and the world over rely for their diagnosis not only on 
so-called “symptoms,” but on the protracted observation of the patient. 

We can ask ourselves now what it is that the psychiatrist observes and that the 
teste do not seem to reveal. The answer is that they observe the patient’s “trans- 
ference reactions.” To anvone experienced in psyohoanalytioaf diagnosis and 
therapy this is readily understandable. Transference reactions and transference 
phenomena offer to the trained observer several asi>eot8. In the first place, they 
show the balance of the dynamic processes in the given individual. They reveal 

S uantitative relations between these dynamic processes. In the second place, 
iiey show the social aspects of the individual’s relations. Transference reactions 
are eminently social reactions and confront the observer with the subject’s attitude 
toward his superiors, inferiors, or equals In the third place, and that is perhaps 
most important, they afford, in a flash as it were, an insight into many of the his- 
torical developments of the patient’s life, since transference is a repetition of de- 
velopment. 

Thus, the observation and adequate evaluation of transference relations afford 
us those important factors that we miss in most, or all, of the other tests. The 
difficulty confronting us is how to train people in the observation of transference 
and in its evaluation. (It should be stressed that, when spewing of transference 
reactions, we are explicitly referring to the transference phenomena and not to 
transference neuroses. Whereas tra^erence phenomena are present at all times 
and everywhere, transference neuroses develop only during a protracted treat- 
ment.) 

The question of teaching transference observation, however, presents enormous 
difficulties, among other things, because peychiatriKts have, up to the present, 
never undertaken the systematic collection of their data on uie subject. It would 
seem, therefore, that the first step would be the gathering of the empirical findings 
of a large number of psychoanalytically trained psychiatrists on those transference 
phenomena, which (1) chai^teristic for certain psychoses; (2) characteristic 
for the stages of a given pwchosis; (3) characteristic for psychosomatic diseases or 
pmhosomatic diatheses; (4) characteristic for certain neuroses, perversions, etc. 

Such phenomena should be listed, classified, and oollepted into a eystem. This 
classification should be prepared by a round-table discussion, which should nomi- 
nate a research committee <» transference phenomena. Hiis committee would 
have the task of making contact with psychoanalytically trained po'chiatrists all 
over the world, to collect such contributions and to edit and publioi them peri- 
odically. 

I reahse that my suggestions cannot be of immediate vahie for personnel selec- 
tions in the present war. However, if we want to improve our methods, we have 
to begin alc^ those lines that appear to be promising, regardless of whether 
they will yield immediate results or not. 






